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Background: Oxidative stress is supposed to be implicated in the pathogenesis of 
several diseases which are connected with increased formation of reactive oxygen and 
nitrogen species (RONS). Oxidative stress could play an important role in the 
pathogenesis of inflammation and sepsis, acute and chronic pancreatitis or in the 
development of cancer. Organisms are protected against RONS from antioxidant system 
that is composed of antioxidant enzymes and non-enzymatic antioxidants. To the most 
important antioxidant enzymes belong superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase, glutathione reductase and paraoxonase (PON). The aim of this 
Doctoral Thesis was to investigate the behaviour of three of these antioxidant enzymes 
– CuZnSOD, CAT and PON1 in different pathophysiological states.  
Materials and methods: The activities of CuZnSOD, CAT and PON1 were measured in 
six different pathophysiological states. Forty patien s with metabolic syndrome (MetS), 
35 women with depressive disorder (DD), 30 septic patients (SP), 50 patients with 
pancreatic cancer (PC), 50 patients with chronic pancreatitis (CP) and 13 patients with 
acute pancreatitis (AP) were included in different studies together with sex- and age-
matched healthy controls (CON). Patients with AP and SP were observed in the course 
of the disease and samples were taken four times (three times, respectively). The 
enzymatic activities were determined with spectrophotometric kinetic methods. In all 
these studies also the levels of oxidative stress markers were measured.  
Results: The activity of CAT was found to be decreased in patients with sepsis or septic 
shock, MetS and PC in comparison with CON, while in patients with DD, CP and AP 
no differences in CAT activity were detected. The activities of CuZnSOD were in the 
contrast to CAT either increased or unaffected. Increased activities of CuZnSOD were 
observed in MetS, DD, PC and SP, while no differences in CuZnSOD activities were 
found between CP or AP and CON. In all observed pathophysiological states the 
arylesterase activity of PON1 was measured and was found to be decreased (with the 
exception of DD) in comparison with CON.  
Conclusion: It was shown, that all selected diseases are connected with increased 




Úvod: U onemocnění spojených se zvýšenou tvorbou reaktivních sloučenin kyslíku a 
dusíku (RONS) se přepokládá účast oxidačního stresu v jejich patogenezi. Oxidační 
stres hraje roli v řadě onemocnění; významnou úlohu má v patogeneze zánětu a sepse, 
akutní a chronické pankreatitidy či vzniku rakovinného bujení. Organismus je proti 
působení RONS chráně  antioxidačním systémem, který je tvořen antioxidačními 
enzymy a neenzymatickými antioxidanty. K nejdůležitějším antioxidačním enzymům se 
řadí superoxiddismutasa (SOD), katalasa (CAT), glutathionperoxidasa (GPX), 
glutathionreduktasa (GR) a paraoxonasa (PON). Cílem této disertační práce bylo 
vyšetření aktivity tří těchto antioxidačních enzymů – SOD, CAT, PON za různých 
patofyziologických stavů.  
Materiál a metody: U šesti různých patofyziologických stavů byly měřeny aktivity 
CuZnSOD, CAT a PON1. Do jednotlivých studií bylo zařazeno 40 pacientů 
s metabolickým syndromem (MetS), 35 žen s depresivní poruchou (DD), 30 pacientů se 
sepsí (SP), 50 pacientů s karcinomem pankreatu (PC), 50 pacientů s chronickou 
pankreatitidou (CP) a 13 pacientů s akutní pankreatitidou (AP). Ke každé sledované 
skupině pacientů byla zařazena též kontrolní skupina spárovaná na základě věku a 
pohlaví (CON). Pacienti s AP a SP byli sledováni v průběhu jejich onemocnění a 
vzorky byly nabírány celkem 4x respektive 3x. Aktivity antioxidačních enzymů byly 
stanovovány spektrofotometrickými kinetickými metodami. Ve všech studiích byly 
zároveň měřeny markery oxidačního stresu.  
Výsledky: Snížené hladiny aktivit CAT byly pozorovány u pacientů se sepsí či 
septickými šokem, MetS a PC v porovnání s kontrolami, zatímco u pacientů s DD, CP a 
AP nebyly zjištěny žádné rozdíly v aktivitě CAT při srovnání s CON. U pacientů s 
MetS, DD, PC a SP byly zjištěny zvýšené aktivity CuZnSOD, i když u pacientů s CP a 
AP nebyly pozorovány rozdíly v aktivitě CuZnSOD při srovnání s CON. U všech 
sledovaných patofyziologických stavů (s výjimkou depresivních poruch) byly nalezeny 
snížené aktivity PON1 v porovnání s CON.  
Závěr:  Provedené studie ukazují, že všechna sledovaná onemocnění jsou spojena 
se zvýšeným oxidačním stresem, v rámci kterého dochází k ovlivnění chování námi 




Å   Ångström (dimension 10 -10m) 
ANOVA  analysis of variance – statistical models 
AP   acute pancreatitis 
APACHE II  score - Acute Physiology and Chronic Health Evaluation II 
Apo   apolipoprotein 
ARDS   acute respiratory distress syndrome 
CAD   coronary artery disease 
CAT   catalase 
CD-LDL  conjugated dienes in precipitated LDL 
CON   “healthy” controls 
CP   chronic pancreatitis 
CRP   C-reactive protein 
CuZnSOD  CuZn-superoxide dismutase 
DD   depressive disorder 
DSM   Diagnostic and Statistical Manual of Mental Disorders 
EDTA   ethylenediaminetetraacetic acid 
ELISA   Enzyme Linked-Immuno-Sorbent Assay 
GPX   glutathione peroxidase 
GR   glutathione reductase 
GSH   reduced glutathione 
H   helix 
HAM-D  Hamilton Depression Rating Scale 
Hb   hemoglobin 
HDL   high density lipoprotein 
IL   interleukin 
LDL   low density lipoprotein 
MetS   metabolic syndrome 
NAD   nicotine amid adenine dinucleotide  
NADP   nicotine amid adenine dinucleotide phosphate  
NBT   nitro blue tetrazolium salt  
NT   nitrotyrosine 
Ox-LDL  oxidized-LDL 
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PC   pancreatic cancer 
PCT   prokalcitonin 
PON1   paraoxonase 1 
 PON1-A  arylesterase activity of PON1 
 PON1-L  lactonase activity of PON1 
 PON1-P  paraoxonase activity of PON1 
RONS   reactive oxygen and nitrogen species 
ROS   reactive oxygen species 
SP   septic patients 
 S1   1st sampling of sepsis 
 S7   2nd sampling of sepsis (7 days after onset of sepsis) 
 R7   3rd sampling of septic patients (7 days after recovery from sepsis) 
SAA   serum amyloid A 
S.D.   standard deviation 
TC   total cholesterol 
TG   triglycerides 
TNF   tumour necrosis factor 





Antioxidants are compounds that control the redox-balance in biological systems. Even 
in small concentrations they prevent the oxidation of instable substrates and/or eliminate 
the reactive oxygen and nitrogen species (RONS). Antioxidants represent 
heterogeneous group of chemical compounds with respect to their structure and 
function. They could be divided according to their location to extracellular 
(paraoxonase, albumin, bilirubin, etc.), membrane (vitamin E, phospholipases, β-
carotene) and intracellular (catalase, glutathione, ascorbic acid, etc.) antioxidants and 
according to their character to enzymatic and non-enzymatic antioxidants. To the most 
important antioxidant enzymes belong superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GPX), glutathione reductase (GR) and paraoxonase (PON). The 
most important non-enzymatic antioxidant is reduced glutathione (GSH).  
In physiological conditions there is equilibrium betw en RONS’s creation and 
degradation in organism due to the antioxidants. In the course of metabolic processes 
different RONS are created and organism is able to utilize them; for example the 
elimination of pathogenic organisms by leukocytes or nitrogen oxide as 
neurotransmitter. However, overproduction of RONS in connection with impaired 
function of antioxidant system leads to oxidative str s. It was shown that RONS and/or 
oxidative stress could be involved in the pathogenesis of some diseases such as 
atherosclerosis, diabetes mellitus, inflammation and sepsis or neurodegenerative 
diseases. The role of RONS in clinical medicine wasin detail described by Macasek et 
al. (2011; supplement 5). 
The research of RONS and antioxidants became actual theme in medicine in the recent 
years. This doctoral thesis deals with the activity of three antioxidant enzymes – SOD, 
CAT and PON in different pathophysiological states. Activities of these enzymes 
together with levels of oxidative stress markers were stablished in patients with 
metabolic syndrome (MetS), depressive disorder (DD), sepsis or septic shock (SP), 





Catalases (CAT, H2O2 : H2O2 – oxidoreductase, EC: 1.11.1.6), enzymes with long 
history, that goes back to the 19th century, when they became one of the first sources of 
valuable information about the nature and behaviour of enzymes (Zámocký & Koller, 
1999). The name catalase became in 1900 according to its catalytic action on hydrogen 
peroxide (Loew, 1900). Human catalase belongs to the group of monofunctional hem-
containing catalases; members of this large subgroup are found in almost all aerobically 
respiring organisms (Chelikani et al., 2004; Zámocký  & Koller, 1999). Catalase is 
primarily an intracellular enzyme; the highest concentrations in mammalians are in 
erythrocytes and liver and occasionally in kidney (Deisseroth & Dounce, 1970). In 
tissues such as liver, catalase is found predominantly i  peroxisomes (Quan et al., 
1986). In the following text, human catalase will be discussed.  
1.1.1. Structure 
Human catalase (Figure 1a) is a tetrameric protein of 244kDa comprising four identical 
subunits of 69.7 kDa. Each subunit contains 527 amino acid residues, one heme group 
with iron in the ferric state and a tightly bound molecule of NADPH (Kirkman & 
Gaetani, 1984; Ko et al., 2000; Safo et al., 2001). The subunit could be conceptually 
divided into four domains (Figure 1b): N-terminal threading arm (residues 5-70), 
wrapping loop, β-barrel comprised of two four-stranded sheets and α-helical domain 
composed of four helices α4 to α7 (residues 155-207) and four C- terminal helices α16
to α19 (residues 440-501). The human catalase is extensively hydrated, only the 
hydrophobic β-barrel and the immediate vicinity of the active site are substantially 
devoid of the structural water molecules (Putnam et al., 2000).     
The active site of enzyme is internally located andcontains the heme prosthetic group, 
namely iron(III) protoporphyrin IX (Kirkman & Gaetani, 2006). The structure of CAT 
shows, that the iron protoporphyrin is pentacoordinated (Figure 1c); to the substrate 
accessible at his distal side. The reactivity of the heme is tuned by electron donation by 
the Tyr358 ligand, and neutralization of the carboxylate charge by Arg72, Arg112 and 
Arg365. In the active site charge relay are involved four amino acid residues on the 
proximal side of the heme: His218, Asp348, Arg354 and Tyr358 (Putnam et al., 2000). 
There are three channels that have been implicated as potentially having a role in access 
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to the active site – the perpendicular = main channel (Figure 1d), the lateral = minor 
channel and channel leading from heme to the central cavity of the tetramer. All three 
channels are quite narrow; this restricts accessibility to relatively small molecules. 








Figure 1: Structure of human catalase 
A: Structure of human catalase; B: individual unit of human CAT, helices – blue, β-
barrel - yellow; C: Active site of human catalase; D: main channel; E, F: NADPH 
binding site, NADPH - bronze; heme – red; (Putnam et al., 2000). 
Human catalase binds the molecules of NADPH on the surface of the molecule at a cleft 
between the α6 and α7 helices of helical domain and the β-barrel. The NADPH binding 
pockets (Figure 1e, f) contain His194, Arg203, Val302, Trp303 and His305, which may 
be considered to be signatures for NADPH binding (Putnam et al., 2000; Chelikani et 
al., 2004). The reduced form of NADP - NADPH has the highest affinity to catalase 
surface. The order of affinity is NADPH > NADH >> NADP+ > NAD+. The 
dissociation constant for NADPH is less than 10nM (Kirkman & Gaetani, 1984). 
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Normal erythrocytes contain 1.31-2.71µg CAT/mg Hb. These values correspond to an 
expected concentration of 6.6 to 13.7 µM for catalase-bound NADPH in human 
erythrocytes (Kirkman & Gaetani, 1984). The concentration of unbound NADP in 
human erythrocytes is approximately 2µM (Kirkman et al., 1987).   
Human erythrocyte catalase has been crystallized in orthorhombic, monoclinic, 
tetragonal and hexagonal unit cells till now (Maté e  al., 1999; Ko et al., 2000; Putnam 
et al., 2000; Safo et al., 2001). 
1.1.2. Function 
The main function of catalase is the decomposition of hydrogen peroxide to water and 
oxygen – catalatic activity. It is generally accepted, that this reaction occurs in two 
steps.  
(IV)
(III) +  H2O2 +  H2O
iron(III) protoporphyrin IX ferricatalase
iron(IV) oxo-protoporphyrin IX
π-cation radical compound I
iron(IV) oxo-protoporphyrin IX
π-cation radical compound I iron(III) protoporphyrin IX ferricatalase





Scheme I: Catalatic reaction of catalase 
In the first step reacts one molecule of hydrogen peroxide with the iron(III) 
protoporphyrin IX group of CAT (ferricatalase). In this step compound-I and one 
molecule of water are formed, through what is known as heterolytic scission of peroxide 
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O-O bond. Compound-I is iron(IV) oxo-protoporphyrin π-cation radical of CAT. In the 
second step compound-I reacts with the second molecule of hydrogen peroxide, a 
molecule of oxygen and molecule of water are produce  and the iron(III) 
protoporphyrin IX group of CAT is regenerated (Scheme I). Both forms of CAT – 
ferricatalase and compound-I – are active forms of this enzyme (Kirkman et al., 1987; 
Almarsson et al., 1993; Kirkman & Gaetani, 2006). 
In the reaction of compound I with a single electron of the compound-II, the inactive 
form of CAT, is formed. Compound-II is iron(IV) oxo-protoporphyrin IX (Kirkman & 
Gaetani, 2006), however it was provided that it exists also in iron(IV) hydroxy-
protoporphyrin IX form (Scheme II), (Rovira, 2005).  
(a) Compound I + e- → Compound II 
(b)
iron(IV) oxo-protoporphyrin IX compound II
(IV) (IV)
 
Scheme II: Formation of compound II 
During lengthy exposure of CAT to H2O2, the CAT bound NADPH became oxidized to 
NADP+ and the activity of enzyme fell to about one-third of the initial value. NADPH 
protects CAT against inactivation by H2O2 (Kirkman & Gaetani, 1987). The exact role 
and function of NADPH in CAT was discussed in different articles (Kirkman & 
Gaetani, 1987; Hillar & Nichols, 1992; Almarsson et al., 1993; Olson & Bruice, 1995; 
Kirkman et al., 1999; Rovira 2005; Kirkman & Gaetani, 2006). It was estimated, that 
NADPH prevents the formation of compound II and also mildly increases the rate of 
removal of compound II (Kirkman et al., 1999). Almarson et al. (1993) proposed that 




Reaction with compound I 
1. Compound I + NADPH  →  Compound II + NADPH+. 
2. NADPH+. + B  →  NADP. + BH+ 
3. Compound II + NADP.  →  ferricatalase + NADP+ 
Reaction with compound II 
1. Compound II + NADPH  →  ferricatalase + NADPH+. 
2. NADPH+. + B  →  NADP. + BH+ 
3. NADP. + O2  →  NADP+ + O2-. 
Scheme III: Reactions of NADPH with compound I and II  
In addition to a very efficient catalatic reaction mode, catalase could also catalyse 2-
electron peroxidations of short-chain aliphatic alcohols at reasonable rates (Zámocký & 
Koller, 1999). The catalatic reaction predominates when the H2O2 concentration is 
higher than 10-4M, while below this concentration in the presence of an acceptable 
hydrogen donor the peroxidatic reaction dominates (Maté et al., 1999). Peroxidatic 
activity is relatively slow (Kirkman & Gaetani, 2006). There are three families of 
enzymes which could remove hydrogen peroxides in vivo: catalases, glutathione 
peroxidases and peroxiredoxins. Catalase may be the key nzyme for H2O2 removal in 
peroxisomes, although peroxiredoxin 5 may contribute. At low H2O2 concentrations 
GPX1 and peroxiredoxins are responsible for its degradation. Although peroxiredoxins 
are slower at catalysing H2O2 degradation than GPX1, it is suggested that at low H2O2 
concentrations, peroxiredoxins dispose most of H2O2 generated inside the cells 
(Halliwell & Gutteridge, 2007). 
In 2003 Heck et al. discovered, that in keratinocytes CAT could generate reactive 
oxygen species (ROS) in response to UV light. The ability of the enzyme to generate 
ROS depended on the dose of UV light utilized and o the concentration of CAT (Heck 
et al., 2003). Chelikani et al. speculate that the NADPH cofactor could have a role in 
ROS generation suggesting another role for NADPH in catalase physiology (Chelikani 




For the determination of the activity of CAT numerous methods were used. The first 
methods were based on permanganate (von Euler & Josephson, 1927) or iodimetric 
(Yamagata et al., 1952) titrations. For the reaction with permanganate, the photometric 
detection was later applied (Goldblith & Proctor, 1950). In 1958 Dobkin and Glantz 
presented colorimetric method for CAT determination based on reaction of hydrogen 
peroxide with ferricyanide in alkaline solution (Dobkin & Glantz, 1958). Another 
possibility of colorimetric determination of the residual hydrogen peroxide after 
incubation with CAT was described by Cohen et al. (1996). In this method ferrous ions 
and thiocyanate were used for the H2O2 determination (Cohen et al., 1996) 
The flotation rate of a paper disk saturated with the enzyme solution was also utilized 
for the CAT activity measurement. The method is based on the liberation of oxygen due 
to the action of catalase on hydrogen peroxide (Gagnon et al., 1959; Lamoureux et al., 
1987). Wheeler et al. (1990) have automated the CAT activity determination that was 
previously described by Johansson & Borg (1988). The method measured peroxidatic 
activity of CAT and is based on the reaction of theenzyme with methanol in the 
presence of an optimal concentration of hydrogen peroxide. The formaldehyde 
produced is then measured spectrophotometrically with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as a chromogen (Wheeler et al., 1990; Johansson & 
Borg, 1988). In 1996 discontinuous measurement of CAT activity at nearly 
physiological levels of hydrogen peroxide was described by Ou & Wolff. They used 
ferrous oxidation in xylenol orange for CAT activity determination (Ou & Wolff, 1996). 
For the determination of CAT activity also polarographic (Góth & Mészáros, 1975), 
gasometric (Siqueira et al., 1999), fluorometric (Wu et al., 2003) and 
chemiluminiscence (Mueller et al., 1997) assays were utilized. However, the most used 
method is those of Aebi; it is spectrophotometric method, based on the measurement of 
decomposition of hydrogen peroxide at 240nm (Aebi, 1974).  
Concentration of CAT was determined with immunochemical assays (Higashi et al., 
1961). The polarography was used as other possibility to measure the CAT 
concentration. In this method CAT was measured simultaneously with SOD (Rigo & 
Rotilio, 1977).  
17 
 
1.2. Superoxide dismutase 
In 1969 McCord and Fridovich have shown that copper proteins that were previously 
isolated from bovine (in 1939, “hemocuprein”) and human erythrocytes 
(“erythrocuprein”) are associated with the enzymatic ctivity of superoxide free radical 
anion dismutation. The proteins became its name according to its function – superoxide 
dismutase (McCord & Fridovich, 1969). 
In mammalians three different isoforms of superoxide ismutase have been 
biochemically and molecularly characterized. Firstly, SOD1, or CuZnSOD (EC 
1.15.1.1) that is a copper and zinc-containing homodi er found almost exclusively in 
intracellular cytoplasmic space. The second form of SOD containing manganese as 
cofactor is SOD2, or MnSOD (EC 1.15.1.1). MnSOD is in tially synthesized in cytosol 
as a tetramer containing a leader peptide which targe s enzyme exclusively to the 
mitochondrial spaces. SOD3, or EC-SOD (EC 1.15.1.1) exists as a copper and zinc-
containing tetramer with a signal peptide that directs this enzyme exclusively to the 
extracellular space (Zelko et al., 2002). 
This Thesis is focused on the human CuZnSOD that is widely distributed in the nucleus 
and cytosol of human cells and in lower concentration also in peroxisomes. (Crapo et 
al., 1992). 
1.2.1. Structure 
Human CuZnSOD is a dimeric enzyme of relative molecular mass 32,000 Daltons, 
containing two identical subunits of circa 150 amino acids. Each monomer is built upon 
a β-barrel motif and possesses two large functionally important loops, called the 
electrostatic and zinc loops, which encase the metal-binding region that binds one 
copper and one zinc ion (Figure 2a). It has been fou d that in the active site the copper 
ion is coordinated by the nitrogen atoms of four histid ne residues (His46, His 48, His 
63 and His120) and by a water molecule. One of the histidine residues (His63) bridges 
copper and zinc when the copper ion is in the 2+ oxidation state (Figure 2b). 
Coordination of zinc is completed by two other histidine residues (His71 and His80) 
and one aspartate residue (Asp83) in a tetrahedral geometry (Figure 2c); (Potter et al., 
2006; Hart et al., 1998; Banci et al., 1999). A hydrogen bond network further stabilizes 






Figure 2: Structure of human CuZn-Superoxide dismutase 
A: The structure of CuZnSOD dimer, copper ions: green, zinc ions: gray, the 
intramolecular disulfide bonds: orange, zinc loops: cyan, electrostatic loops: pink 
(Potter et al., 2006); B: Active center of CuZnSOD, Wat: water (Hart et al., 1998); C: 
The coordination of zinc in CuZnSOD (Banci et al., 1999). 
1.2.2. Function 
The main function of superoxide dismutase is the decomposition of superoxide to 
hydrogen peroxide and oxygen - dismutation. It is wdely accepted, that this reaction 
occurs in two steps. The first step of the reaction (Scheme IV) involves the reduction of 
Cu(II) by superoxide, producing dioxygen and Cu(I) form of SOD. In the second step 
Cu(I) form of SOD is oxidized by another superoxide, producing hydrogen peroxide 
(Rotilio et al., 1972a; Rotilio et al., 1972b; Klug-Roth et al., 1973; Fielden et al., 1974).  
(1) O2




-. + Cu(I)ZnSOD + 2H+ ⇒ Cu(II)ZnSOD + H2O2  
Scheme IV: Reaction mechanism of superoxide dismutase   
The reduced Cu(I) form of the enzyme has another structure than the oxidized one: the 
copper ion undergoes a shift in position, moving away from the His63 nitrogen where 
was bound in the oxidized form of the enzyme. The copper ion also releases the water 
ligand, going from irregular five-coordinate geometry to a nearly trigonal planar three-
coordinate configuration. His63 is bind exclusively to the zinc ion that remains in 
tetrahedral geometry (Figure 3); (Valentine et al., 2005). 
Figure 3: Active site of CuZn-Superoxide dismutase in reduced form (Valentine et 
al., 2005) 
1.2.3. Determination 
Indirect two steps methods are mainly used for the det rmination of CuZnSOD activity, 
because of the low stability of its substrate – superoxide (Flohé & Ötting, 1984). In the 
first step of the reaction superoxide is generated either enzymatically or non-
enzymatically. To give a controlled rate of superoxide generation, the system of xanthine 
plus xanthine oxidase is used (McCord & Fridovich, 1969; Beauchamp & Fridovich, 1971; 
Štípek et al. 1995). Superoxide could be generated non-enzymatically by the 
autooxidation of epinefrin (Misra & Fridovich, 1972) or pyrogallol (Marklund & 
Marklund, 1974), or by the degradation of potassium superoxide (Marklund, 1976). In 
the second step of the reaction the generation of superoxide is spectrophotometrically 
detected using indicator which reacts with superoxide. Nitro blue tetrazolium salt - NBT 
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(Beauchamp & Fridovich, 1971; Štípek et al., 1995) or cytochrome c (McCord & 
Fridovich, 1969) could be used as indicators.  
1.3. Paraoxonase 
Paraoxonase gene family is composed of three members PON1, PON2 and PON3 that 
are located adjacently on chromosome 7 in humans (Précourt et al., 2011). The PON 
proteins share 60% sequence identity. The name, paraoxonase, is purely historical, as 
the PON members are a hydrolase family with one of the broadest specificities known 
(Harel et al., 2004). This thesis is focused on the human PON1.  
Paraoxonase-1 (PON1; EC 3.1.8.1.) is synthesized in the liver and secreted into the 
blood, where it associates with HDL (high-density lipoprotein), (Deakin & James, 
2004).   
1.3.1. Structure 
Human paraoxonase 1 is glycoprotein with the size of 43 000 kDa, including 354 amino 
acids and four potential N-linked glycosylation sites (Josse et al., 2001). The molecule 
of PON1 forms six-bladed β-propeller (Figure 4A, 4B), where each blade contains four 
strands (Harel et al., 2004). A disulfide bond at Cys 41–Cys 352 forms the covalent 
closure of the N and C termini which is conserved throughout the PON family (Josse et 
al., 2001).  
In the central tunnel of the β-propeller, there are two calcium ions 7.4 Å apart from each 
other. One calcium ion could be found at the top (Ca1) and one in the central section 
(Ca2) of the tunnel (Harel et al., 2004; Harel et al., 2007). Ca2 (Figure 4C) is most 
probably a “structural calcium” whose dissociation leads to irreversible denaturation of 
protein (Kuo & La Du, 1998). Ca1 is assigned as the “catalytic calcium” and it seems to 
interact with five protein residues (the side chain oxygens of Asn224, Asn270, Asn168, 
Asp269 and Glu53) one water molecule and one of the oxygens of a phosphate ion 
(Figure 4D); (Harel et al., 2004).  
There are four potential N-glycosylation sites on PON1: two glycan chains are linked to 
asparagine residues in positions 253 and 324 on surface loops (Kuo & La Du, 1995), 
two other potential positions are Asn224 and Asn270 in the central tunnel of the 
propeller and are largely inaccessible (Harel et al., 2004). Glycosylation is not essential 
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for the hydrolytic activities of PONs (Josse et al., 1999), however may be important in 
increasing their solubility and stability, or in preventing nonspecific binding to the cell 
membranes (Harel et al., 2004). 
 
Figure 4: Structure of paraoxonase 1 
A: Overall structure of PON1, view of the six-bladed β-propeller from above. Shown 
are the N and C termini, and the two calcium atoms in the central tunnel of the 
propeller (Ca1, green; Ca2, red); B: Overall structre of PON1, a side view of the 
propeller, including the three helices at the top of the propeller (H1–H3); C: Detailed 
view of PON1’s calcium binding site for the inner (structural) calcium (Ca-2). D: 
Detailed view of PON1’s calcium binding site for the upper (catalytic) calcium (Ca-1); 
W: water molecule; N: Asn, E: Glu, D: Asp; (Harel et al., 2004). 
PON1 is synthesized in the liver and secreted into the blood, where associates with 
HDL particles. In anchoring of PON1 to HDL, the hydrophobic N terminus of PON1 is 
thought to be involved (Sorenson et al., 1999). Theentire sequence of the N terminus is 
compatible with a transmembrane helix and forms two helixes: H1 hydrophilic part of N 
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terminus and H2 with amphipathic character. Helices H1 and H2 form two adjacent 
hydrophobic patches that provide a potential membrane-binding surface (Figure 5). The 
interface with HDL was further defined by a characteristic ‘aromatic belt’ rich in 
tryptophan and tyrosine side chains (Tyr185, Phe 186, Tyr190, Trp194, Trp202) and by 
a lysine (Lys 21) side chain on H1 (Harel et al., 2004).  
 
Figure 5: Association of paraoxonase 1 with HDL particles 
Proposed model for anchoring of PON1 to the surface of HDL. Hydrophobic residues 
proposed to be involved in HDL anchoring (side chains yellow). The active site and the 
selectivity-determining residues are blue, and the proposed glycosylation sites (Asn253 
and Asn324) are red; (Harel et al., 2004). 
 
Figure 6: The postulated catalytic site of paraoxonase 1 (Harel et al., 2004) 
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At the very bottom of the active site cavity lays the upper calcium (Ca1), and a 
phosphate ion. The study of Josse et al. (2001) identified four histidine residues 
(His115, His134, His243, His285) and one tryptophan residue (W281) to be essential 
for the activity of PON1.  Later in the study of Harel et al. (2004) the His115-His134 
dyad was identified (Figure 6) and it was hypothesiz d that His115 (4.1 Å from Ca1) 
acts as a general base to deprotonate a single water mol cule and generate the attacking 
hydroxide, whereas His134 acts in a proton shuttle mechanism to increase His115’s 
basicity (Harel et al., 2004).  
1.3.2. Function 
A variety of physiological roles have been proposed for PONs. Serum PON1 catalyzes 
the hydrolysis and thereby the inactivation of oxons like paraoxon (from which it takes 
its name; diethyl 4-nitrophenyl phosphate), chlorpyrifos oxon and diazoxon which are 
toxic metabolites of organophosphate insecticides like parathion (O,O-Diethyl O-(4-
nitrophenyl) phosphorothioate) and chlorpyriphos (O,O-Diethyl O-3,5,6-
trichloropyridin-2-yl phosphorothioate). Paraoxonase is able to hydrolyze also the nerve 
agents sarin ((RS)-propan-2-yl methylphosphonofluoridate) and soman (3,3-
dimethylbutan-2-yl methylphosphonofluoridate). In addition, PON1 hydrolyzes 
arylesters like phenylacetate, thiophenylacetate and 2- aphthylacetate (Davies et al., 
1996; Aviram et al., 1998a). It also hydrolyses different aromatic and aliphatic lactones 
as well as cyclic carbonates like homogentisic acid lactone, dihydrocoumarin, γ -
butyrolactone and homocysteine thiolactone (Billecke et al., 2000; Rajkovic et al., 
2011).   
 
Scheme V: Reaction mechanism of paraoxonase 1 (Harel et al., 2004). 
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Proposed mechanism of action of PON1 on ester substrate  such as phenyl and 2-
naphthylacetate is shown in the scheme V. The first step involves deprotonation of a 
water molecule by the His-His dyad to generate hydroxi e anion that attacks the ester 
carbonyl producing an oxyanionic tetrahedral intermdiate. This intermediate breaks 
down (second step) to an acetate ion and either phenol or 2-naphthol (Harel et al., 
2004).  
It was hypothesises (Draganov et al., 2005; Nguyen et al., 2009) that the native activity 
of PON1 could be lactonase activity, for which the free cystein 284 in PON1 structure is 
very important (Yilmaz, 2012) and that the physiological substrate could be some 
derivates of fatty acid oxidation process such as 5-hydroxy - 6E, 8Z, 11Z, 14Z -
eicosatetraenoic acid (5-HETE) lactone that resides in HDL or some lactones which are 
consumed as food ingredients or drug metabolites (statin , spironolactone and 
glucocorticoid y-lactones). Furthermore was shown that homocysteine thiolactone is 
naturally occurring substrate of PON1 (Jakubowski, 2000). Homocysteine thiolactone is 
a metabolite of homocysteine that can impair protein function leading to endothelial 
dysfunction and vascular damage (Macharia et al., 2012). By detoxifying homocysteine 
thiolactone, PON1 protects proteins against homocysteinylation (Perla-Kaján & 
Jakubowski, 2010; Yilmaz, 2012). Other group of lactones that could be degraded by 
PON1 are acyl-homoserine lactones, small quorum sensing signaling molecules of 
Gram-negative bacterium Pseudomonas aeruginosa. Pseudomonas aeruginosa uses 
these lactones to coordinate phenotypic changes, includi g biofilm formation and 
virulence factor secretion (Estin et al., 2010; Rai, 2012). 
In vitro assays have shown that PON1 can inhibit LDL (low-density lipoprotein) lipid 
peroxidation and inactivate LDL-derived oxidized phospholipids. This could potentially 
reduce the serum content of the oxidized lipids involved in the initiation of 
atherosclerosis (Mackness et al., 1991; Mackness et al., 1993; Watson et al., 1995). 
It was shown, that PON1 have also peroxidase-like activity (Aviram et al., 1998b; 
Précourt et al., 2011) – it is capable to hydrolyze hydrogen peroxide, reduce lipoprotein 




The activity of paraoxonase 1 is determined towards different types of substrates.  For 
the measurement of arylesterase activity of PON1 phenyl acetate as substrate is used 
(Eckerson et al., 1983). The paraoxonase activity of PON1 is determined using 
paraoxon as substrate (Eckerson et al., 1983; Hasselwander et al., 1998; Ferré et al., 
2002). For the determination of PON1 activity towards lactones different substrates are 
used – methods with 5-thiobutyl butyrolactone (Gaidukov &Tawfik, 2007), 
dihydrocoumarin (Draganov et al., 2000), 2-coumaranone (Billecke et al., 2000) and 
homogentistic acid lactone (Billecke et al., 2000) were previously described.  
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2. Aims and scopes 
The aim of this doctoral thesis was to investigate th  behaviour of three antioxidant 
enzymes – superoxide dismutase, catalase and paraoxonase in different 
pathophysiological states.   
This thesis was focused on antioxidant enzymes activities and their changes in acute 
phase of the disease such as sepsis or acute pancreatitis, where the activities were 
followed up in the course of sepsis or acute pancreatitis. 
In chronic states such as metabolic syndrome, pancre ti  carcinoma or chronic 
pancreatitis the antioxidant enzymes activities were compared with those of healthy 
volunteers.  




3. Materials and Methods 
3.1. Pathophysiological states studied 
Antioxidant status and oxidative stress markers were observed in different types of 
pathophysiological states. Patients with metabolic syndrome (MetS), depressive 
disorder (DD), sepsis (SP), pancreatic cancer (PC), chronic pancreatitis (CP) and with 
acute pancreatitis (AP) were involved in the studies of antioxidant status. The short 
characteristics of all studied groups are summarized n the Table 1. Informed consent 
was obtained from all participants. The study protoc ls were approved by the Ethical 
Committee of the First Faculty of Medicine, Charles University Prague or by the Ethical 
Committee of the University Teaching Hospital, Prague. 
Table 1: Characteristics of the studied groups of patients 
 N (M/F) Age (years) Reference 
MetS 40 (20/20) 58 (53 - 62) Vavrova et al. (2013) – Supplement 1 




57.7 ± 15.3 
74 (56-79) 
Novak et al. (2010) – Supplement 4 
Vavrova et al. (under review) – Supplement 7 
PC 50 (40/10) 63 (56 - 68) 
Kodydkova et al. (2013) – Supplement 2 
CP 50 (40/10) 59 (53 - 65) 
AP 13 (9/4) 56.1 ± 21.5 Vavrova et al. (2012) – Supplement 5 
MetS: metabolic syndrome, DD: depressive disorder, SP: patients with sepsis, PC: 
pancreatic carcinoma, CP: chronic pancreatitis, AP: acute pancreatitis; M: male, F: 
female 
The exclusion criteria in all studies were the following: current antioxidant therapy, 
excessive alcohol consumption (> 30 g/day), hormonal replacement therapy, 
supplementation with polyunsaturated fatty acids; chronic, immunosuppressive and 
anti-inflammatory therapy; manifestation of cardiovascular and/or cerebrovascular 
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diseases, diabetes mellitus type 1, liver (with exception of non-alcoholic fatty liver 
disease) and kidney diseases (creatinine > 130 µmol/l), microalbuminuria (urinary 
albumin 30 - 300 mg/day), hypothyroidism and recent infections, malignancies (with 
exception of PC). Persons who were operated on upper gastrointestinal tract (in the 
previous 1 year) and subjects after systemic inflamm tion in the previous 6 months 
were also excluded. 
3.2. Blood sample collection and preparation 
All blood samples were obtained after overnight fasing. Blood was taken puncturing a 
peripheral vein. Activities of CAT and CuZnSOD were measured in haemolysed 
erythrocytes and both activities of PON1 were determined in serum. Serum was also 
used for the determination of all other parameters. The blood samples for CAT and 
CuZnSOD measurements were collected into the tubes with K2EDTA. Erythrocytes 
were separated by the centrifugation at 3500 rpm at 4°C for 10 minutes and then washed 
three times with a NaCl isotonic solution (9 g/l). Serum was prepared following 
coagulation in vacutainer tubes, by centrifugation at 3500 rpm at 4°C for 10 min. The 
samples were stored at -80°C until assay. The haematological parameters were carried 
out by routine laboratory techniques using an autoanalyzer (Coulter LH750 - 
haematological analyzer, Beckman Coulter).  
3.3. Measurements of antioxidant enzyme activities 
The methods for measurement of antioxidant enzymes: catalase, superoxide dismutase 
and arylesterase – PON1 activities were described in etail in the publication of 
Kodydkova et al. (2009). The CAT activity was determined by the modified method of 
Aebi (1974). The determination is based on the monitori g of the rate of H2O2 
degradation at 240 nm. The reaction mixture in cuvettes contained 876 µl of 50 mM 
potassium phosphate buffer, pH = 7.2 and 25 µl of diluted sample. The reaction was 
started after 10 minutes of incubation at 30 ºC by addition of 99 µl of 10 mM H2O2. 
Blank was run for each sample. Catalase activity was c lculated using the molar 
extinction coefficient of H2O2 43.6 M
-1 cm-1 and expressed as kU/g haemoglobin (U = 
µmol/min).  
The activity of CuZnSOD was determined according to the modified method of Štípek 
et al. (1995). The reaction mixture in cuvettes contained 700 µl of 50 mM potassium 
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phosphate buffer, pH = 7.2; 50 µl of xanthine oxidase; 100 µl of NBT and 50 µl of 
diluted sample. The reaction was started after 10 minutes of incubation at 25 ºC by 
addition of 100 µl of 1 mM xanthine. The rate of NBT-formazan generation was 
monitored spectrophotometrically at 540 nm. Blank was run for each sample. 
Superoxide dismutase activity was calculated by means of calibration curve and 
expressed as U/g haemoglobin (U = µmol/min).  
The arylesterase activity of PON1 was measured according to the method of Eckerson 
et al. (1983) using phenylacetate as a substrate. Bri fly, 900 µl of 20 mM Tris-HCl 
buffer containing 1 mM CaCl2, pH=8.0 was added to cuvettes followed by 50 µl of 
diluted serum sample. The reaction was started by addition of 50 µl of 100 mM 
phenylacetate. The rate of phenol generation was monitored spectrophotometrically at 
270 nm. Blank was run for each sample. Arylesterase activity of PON1 was calculated 
using the molar extinction coefficient of the produced phenol, 1310 M-1cm-1 and 
expressed as U/ml serum (U = µmol/min). 
Paraoxonase activity of PON1 was measured using paraoxon (O,O-Diethyl O-(4-
nitrophenyl) phosphate) as a substrate in tubes containi g 940 µl of 90 mM Tris-buffer 
(pH = 8.5, with 2 mM CaCl2) and 50 µl of 100 mM paraoxon. The reaction was started 
by addition of 10 µl of serum and measured at 405 nm at 25 °C. The activity was 
calculated using the molar extinction coefficient of the produced p-nitro-phenol, 18053 
M-1cm-1 and expressed in U/l serum. 
The lactonase activity of PON1 was determined according to the modified method of 
Draganov et al. (2000). Briefly, to 800 µl of 50 mM TRIS-buffer (pH = 8, with 1 mM 
CaCl2) in cuvettes 100 µl of diluted serum sample was added. The reaction was started 
after incubation at 30 °C for 5 minutes with 100 µl of dihydrocoumarin (final 
concentration 1 mM). The increase in absorbance at 270 nm was monitored along 2 
minutes. Kinetic rate was estimated during the linear phase of reaction and converted to 
the enzyme activity using the molar extinction coefficient of the reaction product 3-(2-
hydroxy-phenyl)-propionate (ε = 1295 dm3mol-1cm-1), (Rainwater, 2009). The lactonase 
activity of PON1 was expressed as U/ml serum (U = µmol/min). 
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3.4. Measurements of markers of oxidative stress 
In all studies concentrations of conjugated dienes i  precipitated LDL (CD-LDL) as 
marker of oxidative stress were measured. In some studies also levels of nitrotyrosine 
(NT) and/or oxidized LDL (ox-LDL) were established. Concentrations of CD-LDL 
were measured by the modified method of Wieland et al. (1983). Serum low density 
lipoproteins were isolated by the precipitation method of Ahotupa et al. (1996). 110 µl 
of serum with EDTA (10:1) was added to 1 ml of 0.064 M citrate buffer (pH = 5.05, 
with 50.000 U/l heparin), the suspension was then incubated for 10 min at room 
temperature. The precipitated lipoproteins were separated by centrifugation at 2800 rpm 
for 10 min and the pellet was resuspended in 100 µl of NaCl isotonic solution (9g/l). 
Lipids were extracted by dichlormethan – methanol (2:1) mixture, for the phase 
separation 250 µl redistilled water was used. The mixture was centrifuged at 3000 rpm 
for 5 min. The 800 µl of lower layer (infranatant) was dried under nitrogen, redissolved 
in 300 µl of cyclohexane, and analyzed spectrophotometrically t 234 nm. The 
concentration of CD was calculated using the molar extinction coefficient (2.95 x 104 
M-1cm-1) and expressed as mmol/l serum. 
The concentration of NT was measured using the ELISA kit (Hycult biotech, HK 501). 
The NT ELISA is a solid-phase enzyme-linked immunosorbent assay based on the 
sandwich principle. The levels of ox-LDL were established with the ELISA kit 
(Mercodia). Oxidized LDL ELISA is a solid phase two-site enzyme immunoassay. This 
method is based on the mouse monoclonal antibody, which is directed against a 
conformational epitope in oxidized ApoB-100. 
3.5. Measurements of antioxidant enzyme cofactors 
and lipid parameters 
The concentrations of serum amyloid A (SAA) were determined using solid phase 
sandwich ELISA kit (Invitrogen, KHA 0011).  
All routine clinical tests were measured at theInstitute for Clinical Biochemistry and 
Laboratory Diagnostics of General University Hospital in Prague: Copper and zinc were 
measured using atomic absorption spectrometry. Concentration of calcium was 
established by the photometric method with o-kresolftalexon. High-density lipoprotein 
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cholesterol was determined in the supernatant afterpr cipitation of lipoproteins B by 
PTA/Mg2+, using the kit (Boehringer Mannheim, Germany). Concentrations of apo A-I 
were measured by the Laurell rocket electroimmunoassay using standard and specific 
antibodies (Behringwerke Marburg, Germany). 
3.6. Statistical analysis 
The mean ± standard deviation (S.D.) for parametric values and median (25th-75th 
percentiles) for non-parametric values were used for the data expression. Normality of 
distribution of data was tested with Shapiro-Wilks W test. Differences between two 
compared groups were tested with t-test for parametric values and Mann-Whitney U test 
for non-parametric values. Differences between three or more compared groups were 
tested with one-way ANOVA with Scheffé and Newman-Keuls post tests. For 
nonparametric analysis Kruskal-Wallis ANOVA was used. Friedman ANOVA was 
used for dependent analysis. The Spearman correlation coefficients were used for 
correlation analysis. All statistical analyses were performed using versions 7.0 to 9.0 of 





4.1. Metabolic syndrome 
Into the study were included 40 patients with MetS (20 male/20 female) and 40 sex- and 
age matched volunteers (CON) without MetS. The diagnosis of MetS was done 
according to the International Diabetes Federation criteria (Alberti, 2005). The activities 
of CuZnSOD, CAT and PON1-A were assessed. As marker of oxidative stress, 
concentrations of CD-LDL were determined. Furthermore levels of CuZnSOD cofactors 
– copper and zinc, PON1 cofactor Ca as well as levels of apo-A1 and HDL-C were 
determined.  
In the MetS group, 21 patients (52.5%) had three, 13 patients (32.5%) four and 6 
patients (15.0%) had all five basic components of MetS (abdominal obesity, raised 
glucose levels, raised TG levels, hypertension, reduc  HDL-C). 
The subjects with MetS had elevated activities of CuZnSOD (p < 0.01) and 
concentrations of CD-LDL (p < 0.001). On the other and, activities of CAT (p < 0.05) 
and PON1-A (p < 0.05) were found to be decreased. Lvels of apo-A1 (p < 0.01) and 
HDL-C (p < 0.001) were significantly decreased in the patients with MetS. There were 
found no differences in concentrations of Cu, Zn and Ca between MetS and CON 
groups.   
In the correlation analysis in MetS group, positive correlation was found between PON1 
activity and apo-A1 (r = 0.498, p < 0.001) and HDL-C (r = 0.459, p < 0.01) 
concentration. The same correlations were also observed in the whole group (MetS + 
CON, N = 80), furthermore correlations between activity of CuZnSOD and 
concentration of Zn (r = 0.363, p < 0.01) were found i  the whole group. There were no 
correlation between CuZnSOD activity and level of serum copper. Negative correlation 
was observed between activity of CAT and concentration of CD-LDL (r = -0.233, p < 
0.05). The concentration of CD-LDL correlated positively with the number of MetS 
components (r = 0.442, p < 0.01).  




4.2. Depressive disorder 
In the study of depressive disorder 35 drug-naive women with DD and 35 age-matched 
healthy women were investigated. Depressive disorder was diagnosed according to 
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, DSM-IV 
(American Psychiatric Association, 1994). All patien s were evaluated using Hamilton 
Depression Rating Scale (HAM-D). The activities of CuZnSOD, CAT and PON1 – A 
were observed. As marker of oxidative stress concentrations of CD-LDL were 
determined. Furthermore levels of CuZnSOD cofactors – copper and zinc, PON1 
cofactor Ca as well as levels of apo-A1 and HDL-C were determined.  
Erythrocyte activities of CuZnSOD and concentrations f CD in precipitated LDL were 
increased in depressive women in comparison with healt y CON. Activities of CAT and 
PON1-A were not altered in patients with DD. No differences were also found in 
concentrations of copper, zinc, calcium, HDL-C or Apo-A1.  
In women with DD, activities of PON1 were positively correlated with concentrations 
of HDL-C (r = 0.457, p < 0.01), apo A-1 (r = 0.379, p < 0.05) and calcium (r = 0.371, p 
< 0.05). Furthermore, activities of CuZnSOD were positively correlated with 
concentrations of zinc (r = 0.393, p < 0.05), but there were no significant correlation 
with copper. Positive correlation was observed betwe n activity of CuZnSOD (r = 
0.483, p < 0.01) or CAT (r = 0.550, p < 0.01) and concentrations of CD-LDL in DD 
women. In the whole group (DD + CON, N = 70) the results were similar; however 
there were no correlation between activity of CuZnSOD or CAT and levels of CD.  
More results could be found in the publication of Kodydkova et al., 2009 (Supplement 
3). 
4.3. Sepsis and septic shock 
Two different studies were done with the patients suffering from sepsis. In the first pilot 
study only the paraoxonase and arylesterase activities of PON1 and concentrations of 
HDL-C in serum were determined. Thirty septic patients (SP) and 30 age- and sex- 
matched outpatient controls (CON) without clinical and laboratory signs of sepsis were 
included into this pilot study.  Patients fulfilled the criteria of sepsis according to the 
Society of Critical Care Medicine/American College of Chest Physicians 
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SCCM/ACCP) definitions (Bone, 1992) not longer than 24 hours together with the 
following criteria for inclusion: APACHE II score ≥ 10 (Knaus, 1985) and C-reactive 
protein in serum > 20 mg/l. The samples of SP were taken two times during the first 24 
hours after onset of sepsis and then 7 days after recovery. The samples after recovery 
were available in 11 patients.  Six patients (20 %) died of sepsis. The main source of 
sepsis were lungs – in 14 cases, other sources were venous catheter infection (6 cases), 
abdominal infection (6 cases) or urinary tract infection (3 cases).    
Significantly decreased arylesterase and paraoxonase activities of PON1 and levels of 
HDL-C were found in SP relative to controls. After r covery both activities of PON1 
reached nearly the control levels, although a significant increase compared to the onset 
of sepsis was observed only in activity of PON1-A. Also the levels of HDL-C reached 
the control level and were significantly higher after recovery in comparison with those 
in sepsis. No significant difference between survivors and non-survivors was found in 
the PON1 activities, however there was a trend toward lower arylesterase PON1 activity 
in non-survivors as compared to survivors (64.94 ± 29.83 vs. 94.13 ± 36.14; p = 0.07). 
Regardless of the source of sepsis, there were no differences in PON1 activities or 
concentrations of HDL-C among septic patients. 
In this study strong positive correlation was demonstrated between both PON1 activities 
(r = 0.725, p < 0.001) in the whole group (SP + CON, N = 60) as well as in the SP (r = 
0.667, p < 0.001). Both PON1 activities also correlated positively with the HDL-C 
concentrations (PON1-A: r = 0.684, p < 0.001; PON1-P: r = 0.352, p < 0.01) in the 
whole group, while in SP there was significantly positive correlation only between 
PON1-A and HDL-C (r = 0.560, p < 0.01).  
More results could be found in the publication of Nvak et al., 2010 (Supplement 4). 
Thirty SP, 30 healthy CON and 15 critically ill patients without sepsis (NS) were 
involved into the second study concerned with sepsis. The criteria of involvement into 
the study were the same as in the pilot study. The samples of SP were taken three times 
during the first 24 hours after onset of sepsis (S1), 7 days after the first sampling (S7) 
and then 7 days after recovery (R7). The samples aft r recovery were available in 19 
patients.  Samples from CON and non-septic group were obtained once. Eight patients 
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(26.7%) died of sepsis and 3 patients were lost from f llow up because they never fully 
recovered from sepsis.  
In the first part of this study the changes in antioxidant status and oxidative stress 
markers were analysed in severe sepsis/septic shock and after the clinical recovery 
phases and compared with CON. The activities of CuZnSOD, CAT and PON1-A were 
determined together with levels of oxidative stress markers: CD-LDL, ox-LDL and NT. 
The concentrations of HDL-C, Apo-A1, Ca, Cu, Zn, Fe and SAA were also measured. 
In this study CuZnSOD activity was increased in S1 and returned to the CON value 
already in S7. The decline in the CAT activity found i  S1 and S7, returned to the CON 
level in R7. Marked fall in the PON1 activity appear d at the onset (S1) and persisted 
until recovery (R7). Decreased PON1 activity was close y followed by the decrease in 
HDL-C and ApoA1 concentrations. Whereas SAA concentration was significantly 
increased in S1, marked decline was observed in S7 and reached nearly CON level in 
R7. Furthermore the decrease in Zn was observed in both S1 and S7 compared to HC, 
nevertheless the decline returned nearly to the CON values in R7. However, the 
decrease in Fe observed in S1, persisted still 7 days after recovery (R7) and never 
reached the CON levels.  
The levels of ox-LDL/LDL, CD/LDL and nitrotyrosine were increased in S1, 
culminated in S7 and returned to the HC values in R7. 
In the septic group (S1) positive correlation was found between PON1 activity and 
concentration of HDL-C (r = 0.613, p < 0.01) and negative correlation was observed 
between PON1 activity and levels of CD/LDL (r = -0.632, p < 0.05) and ox-LDL/LDL 
(r = -0.605, p < 0.05). The levels of CD/LDL correlated positively with levels of ox-
LDL/LDL (r = 0.644, p < 0.01). No significant correlation was found between activity 
of CuZnSOD and concentrations of Cu or Zn and betwen CAT and concentration of 
Fe.  
More results could be found in the publication of Vavrova et al. (currently under 
review; supplement 7). 
In the second part of this study activities of antioxidant enzymes and markers of 
oxidative stress in septic patients and non-septic critically ill patients were compared. 
As previously mentioned 15 critically ill patients without sepsis were enrolled into the 
36 
 
study according to their sex, age and APACHE II score. These NS patients were 
matched with SP patients. The activities of CuZnSOD, CAT and PON1-A were 
determined together with levels of oxidative stress markers: CD-LDL and ox-LDL. The 
concentrations of HDL-C, Apo-A1, Cu, Zn, Fe and SAA were also measured. The basic 
characteristics are summarised in Table 2. 
Table 2: Basic characteristics of septic patients and non-septic patients 
 SP NS CON 
N (M/F) 15 (9/6) 15 (9/6) 15 (9/6) 
Age (years) 74 (61-79) 70 (57-79) 71 (58-79) 
APACHE II score 16 (13-20) 17 (13-20) - 
CRP (mg/l) 96.0 (47.0-185.5)*** 84.8 (4.8-130.6)** 2.1 (2.8-7.8) 
PCT (mg/l) 2.39 (0.79-10.0)*+++ 0.28 (0.14-0.73) 0.585 (0.32-0.90) 
IL-6 (µg/l) 114.0 (51.0-313.1)*** 21.5 (10.9-48)** 1.15 (0.58 - 2.86) 
IL-10 (µg/l) 8.58 (5.12 - 16.57)*** 5.16 (1.76-6.98)*** 0.79 (0.00 - 1.03) 
TNF- α(µg/l) 21.8 (11.9 - 39.2)*** 6.54 (4.16 - 9.50) 11.89 (6.82 - 14.47) 
TC (mmol/l) 3.04 ± 0.71*** 3.31 ± 1.14*** 5.77 ± 1.05 
TG (mmol/l) 1.30 ± 0.48 1.28 ± 0.51 1.41 ± 0.68 
LDL-C (mmol/l) 1.76 ± 0.55*** 1.77 ± 0.93*** 3.67 ± 0.75 
Ferritin (µg/l) 336.6 (196.9 - 1297.5)** 356.1 (222.2-1346.8) 278.4 (193.9-646.4) 
Transferin (g/l) 1.58 (1.46 -1.91)*** 1.92 (1.40 - 2.47)*** 2.50 (2.45 - 2.65) 
APACHE II score: Acute Physiology and Chronic Health Evaluation II score, CRP: C- 
reactive protein, PCT: procalcitonin, IL: interleukin, TNF-α: tumour necrosis factor-α,, 
LDL: low density lipoprotein, TC: total cholesterol, TG: triglycerides; SP: septic 
patients, NS: critically ill patients without sepsis, CON: healthy volunteers; *SP or NS 
vs. CON, *** p < 0.001, ** p < 0.01, * p < 0.05; +SP vs. NS, +++  p <0.001, ++  p < 0.01, 
+p < 0.05; one-way ANOVA with Newman-Keuls post test for parametric and Kruskal-










































Figure 7: Oxidative stress markers 
SP: septic patients, NS: non-septic critically ill patients, CON: healthy controls; CD: 
conjugated dienes, ox-LDL: oxidized LDL, LDL: low density lipoprotein; *SP or NS vs. 
CON, *** p < 0.001, ** p < 0.01, * p < 0.05; +SP vs. NS, ++  p < 0.01, +++  p < 0.001; 
































































Figure 8: Superoxide dismutase and catalase and their cofactors 
SP: septic patients, NS: non-septic critically ill patients, CON: healthy controls; 
CuZnSOD: copper-zinc superoxide dismutase, CAT: catalase; *SP or NS vs. CON, *** 
p < 0.001, ** p < 0.01, * p < 0.05; +SP vs. NS, ++  p < 0.01, +++  p < 0.001; one-way 
ANOVA with Newman-Keuls post test. 
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As shown in Figure 7 the levels of oxidative stress markers were increased in both 
patients group (SP and NS, respectively) compared to CON, however there was no 
difference between the SP and NS subjects.  
The activities of CuZnSOD were significantly higher in SP in comparison with NS and 
with CON. In the contrast to CuZnSOD, activities of CAT and levels of Zn and Fe were 
significantly decreased in SP as well as in NS compared to CON (Figure 8). 
The activities of PON1-A and concentrations of HDL-C and Apo-A1 were depressed in 
both patient groups compared to CON. In contrast, concentrations of SAA were 
































































Figure 9: Paraoxonase and parameters connected with PON1 function  
SP: septic patients, NS: non-septic critically ill patients, CON: healthy controls; PON1-
A: paraoxonase – arylesterase activity, HDL-C: high density lipoprotein cholesterol, 
Apo: apolipoprotein, SAA: serum amyloid A; *SP or NS vs. CON, *** p < 0.0001, ** p 
< 0.001; +SP vs. NS, + p < 0.05; one-way ANOVA with Newman-Keuls post test. 
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4.4. Acute pancreatitis 
Into our study 13 patients with acute pancreatitis (AP) were included together with 13 
sex- and age- healthy controls (CON) and 13 sex- and age- matched controls enrolled 
from persons that suffered from AP 2 – 3 years ago (PAP). In this study, patients in the 
course of AP were observed. The blood samples were taken four times – in the first 24 
hours of disease (AP1), after 72 hours from disease on t (AP3), on the 5th day (AP5) 
and on the 10th day (AP10) of disease. Gallstones were found as an etiological factor in 
8 cases, alcohol intake in 2 cases, endoscopic retrog ade cholangio-pancreatography in 
one case and 2 cases were idiopathic AP. Eight patients suffered from mild form of AP, 
four patients from moderate and one patient form critical form of AP. 
In all studied groups markers of oxidative stress (level of conjugated dienes in 
precipitated LDL and level of oxidized LDL) and activities of CuZnSOD, CAT, PON1-
A and PON1-L were determined. Also the levels of Cu, Zn, Fe, Ca, HDL-C and Apo-
A1 were established.  
In our study increased oxidative stress in AP was confirmed, with higher levels of 
CD/LDL in all AP samplings compared to CON (p < 0.05) and with increased levels of 
ox-LDL during the AP with the maximum on the 5th day. Both PON1 activities were 
depressed in all AP samplings in comparison to CON. The lowest activity of PON1-A 
was observed on the 5th day. Also the levels of HDL-C and Apo-A1 were decreas d in 
all AP samplings compared to controls. Activities of CuZnSOD and CAT in AP did not 
differ from those of CON.  
Positive correlation between both activities of PON1 (r = 0.742, p < 0.01) was found in 
the AP group (AP1). The activity of PON1-A correlatd positively with Apo-A1(r = 
0.657, p < 0.05) and with concentration of Ca (r = 0.669, p < 0.05). The activity of 
PON1-L correlated positively with HDL-C (r = 0.664, p < 0.05) and also with 
concentration of Ca (r = 0.711, p < 0.05). No signif cant correlation was found between 
activity of CuZnSOD and concentrations of Cu or Zn a d between CAT and 
concentration of Fe.  
More results could be found in the article of Vavrova et al. 2012b (Supplement 5). 
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4.5. Pancreatic cancer and chronic pancreatitis 
The study population consisted of three groups: 50 patients with pancreatic cancer (PC), 
50 patients with chronic pancreatitis (CP) and 50 healt y controls (CON). All groups 
are age and sex matched. Among our 50 patients with PC there were following stage 
distribution: 9 patients - grade II, 24 patients - grade III, 17 patients - grade IV. Among 
50 patients with CP there were 30 patients with severe grade, 17 with moderate, and 3 
with mild grade changes in pancreatic morphology. Alcoholic CP was diagnosed in 38 
patients, obstructive CP in 5 subjects, and 7 patients xperienced idiopathic CP. The 
activities of CuZnSOD, CAT, PON1 – A and PON1 – L were assessed. As marker of 
oxidative stress, levels of CD-LDL, Ox-LDL and NT were determined. Furthermore 
levels of CuZnSOD cofactors – copper and zinc, PON1 cofactor Ca as well as levels of 
apo-A1, HDL-C and SAA were determined; the concentrations of Fe were also 
established.  
Elevated levels of oxidative stress markers ox-LDL/LDL and CD/LDL were observed 
in CP and PC compared to CON. The concentrations of NT were found to be increased 
only in CP in comparison with CON. Increased activities of CuZnSOD and decreased 
activities of CAT, PON1-A and PON1-L were found in PC compared to CP and CON. 
The activities of PON1 were depressed also in CP in comparison with CON. In 
activities of CAT and CuZnSOD no differences between CP and CON were observed. 
Increased levels of Cu, Zn and SAA and decreased levels of Fe, HDL-C and Apo-A1 
were observed in PC relative to CON.  
In the whole group (CP + PC + CON, N = 150) negative correlation between activity of 
CuZnSOD and concentration of Zn (r = -0.196, p < 0.05) was found. Strong positive 
correlation between both activities of PON1 (r = 0.806; p < 0.001) was observed. Both 
activities of PON1 correlated positively with HDL-C (r = 0.453, p < 0.001; r = 0.474, p 
< 0.001; respectively) and Apo A1 (r = 0.538, p < 0.001; r = 0.515, p < 0.001; 
respectively) and negatively with SAA (r = -0.278, p < 0.01; r = -0.384, p < 0.001; 
respectively). The levels of ox-LDL/LDL correlated positively with concentration of 
SAA (r = -0.414, p < 0.001) and negatively with both activities of PON1 (r = -0.309, p 
< 0.001; r = -0.358, p < 0.001; respectively).  




Activities of three different antioxidant enzymes in erythrocytes: CuZnSOD, CAT and 
PON1 together with markers of oxidative stress in serum – CD-LDL, ox-LDL and NT 
were established in six different pathophysiological states. Furthermore serum 
concentrations of enzymatic cofactors such as Cu, Zn, Fe and Ca and levels of some 
lipid parameters – HDL-C and apo-A1 and in some studies concentrations of SAA were 
determined. Patients with metabolic syndrome, depressiv  disorder, sepsis or septic 
shock, pancreatic carcinoma, chronic and acute pancre titis were included into the 
studies dealing with oxidative stress and status of antioxidant defence system.   
In all these above mentioned diseases increased levls of oxidative stress markers were 
observed compared to CON. In all studies concentrations of CD-LDL were measured. 
The levels of ox-LDL were determined in patients with CP, PC, AP and sepsis. 
Although in all studies increased oxidative stress was observed, the activities of 
measured antioxidant enzymes were not affected in all these diseases.  
5.1. Catalase 
Decreased activities of catalase were observed in patients with sepsis or septic shock, 
MetS and PC in comparison with CON, while in patients with DD, CP and AP no 
differences in CAT activity were detected.  
The results of MetS studies previously published are inconsistent. In accordance with 
our results Koziróg et al. (2010) found decreased CAT activity in erythrocytes of MetS 
compared to CON. However no difference in erythrocyte CAT activity between MetS 
and CON were observed in two other studies (Broncel et al., 2010; Pizent et al. 2010). 
Cardona et al. (2008a, 2008b) found increased activities of serum CAT in MetS. 
Furthermore decreased activities of CAT were described in patients bearing only 
individual components of MetS – obesity (Viroonudomphol, 2000), hypertension 
(Rodrigo, 2007) or insulin resistance (Shin, 2006).  
Activities of CAT in erythrocytes were not altered in our set of DD women, in 
accordance with Bilici et al. (2001). However, Galecki et al. (2009) observed increased 
activity of CAT in erythrocytes in depressive patien s compared to CON, Szuster-
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Ciesielska et al. (2008) found raised activities of CAT in serum of patients with major 
depression. In the study of patients with multiple sclerosis Miller et al. (2011) found 
elevated erythrocyte CAT activity in comparison with controls, regardless of the 
depression. Ozcan et al. (2004) described decreased CAT activities in erythrocytes of 
patients with affective disorders. 
In the studies dealing with activities of CAT in SP the results are contradictory to our 
ones. Increased CAT activity was found in both erythrocytes and plasma (Warner et al., 
1995) and also in serum (Leff et al., 1992 and Leff et al., 1993) of adult SP. Increased 
serum CAT activity was observed also in neonatal sepsi  (Kapoor et al., 2006). Leff et 
al. (1993) had reported that SP suffering from acute respiratory distress syndrome 
(ARDS) had higher activities of serum CAT than those SP without ARDS.  However 
Metnitz et al. (1999) did not find any alterations i  the erythrocyte CAT activity in 
patients with ARDS. 
To the best of my knowledge, there is only one study dealing with the CAT activity in 
PC and in the contrast to our study, no changes in CAT activity were found (Fukui 
2004).  
No significant difference in CAT activities of CP patients observed in our study, were 
consistent with results of Fukui et al. (2004). In the contrast, other authors described 
increased (Szuster-Ciesielska, 2001a, Szuster-Ciesielska, 2001b) and also decreased 
(Quillot, 2005) CAT activities in patients with CP. 
In accordance with our results no difference in erythrocyte CAT activity between AP 
and CON were found in study of Chmiel et al. (2002). It was shown, that serum CAT 
activity was higher in AP than in CON (Goth, 1989; Góth, 1982; Szuster-Czielska, 
2001a; Fukui, 2004). 
As mentioned above we found either decreased or unchanged activities of erythocyte 
CAT in observed disaeses. All these diseases were con cted with increased oxidative 
stress as shown with elavated levels of CD-LDL and ox-LDL. Oxidative stress is caused 
by the imbalance between RONS production and degradation. It could be supposed, that 
in higher concentration of hydrogen peroxide, also the activity of CAT will be 
increased. It is known that CAT belongs to the most effective enzymes, the catalactic 
rate of catalase is among highest of known enzymatic r tes (Kirkman et al., 2006). 
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However it was previously shown that long-term exposure of CAT to H2O2 leads to the 
oxidation of the catalase bound NADPH to NADP+ and to a decrease in the initial 
activity of CAT about to 30 % of the initial activity (Kirkman et al., 1987).  
5.2. Superoxide dismutase 
Increased activities of CuZnSOD were observed in MetS, DD, PC and SP, while no 
difference in CuZnSOD activities were found between CP or AP and CON.  
The raised CuZnSOD activities in the erythrocytes of patients with MetS found in our 
study may be compared with the results of Dimitrijevic-Sreckovic et al. (2007), who 
described slightly increased CuZnSOD activities in children with MetS in comparison 
with obese children without MetS. However the previously described results are not 
consistent, then in some studies decreased CuZnSOD activity in MetS patients were 
observed (Koziróg et al., 2010; Broncel et al., 2010) and in study of Pizent et al. (2010) 
no difference were found between MetS patients and CON. No difference between 
MetS and CON were also observed in EC-SOD activity (Cardona et al., 2008a).  
We have found increased CuZnSOD activities in erythrocytes of DD compared with 
CON, similarly to Sarandol et al. (2007), Bilici et al. (2001), Gałecki et al. (2009) and 
Kotan et al. (2011). Inconsistent results were published for serum EC-SOD activities. 
Herken et al. (2007) and Selek et al. (2008) have found decreased, whereas Khanzode et 
al. (2003) and Szuster-Ciesielska et al. (2008) elevated EC-SOD activities in patients 
with major depression.  
In line with our results of the study with patients with sepsis, Warner et al. (1995) found 
the increased activity of CuZnSOD at the onset of sepsis. On the other hand no 
differences in CuZnSOD activity between septic and healthy children (Cherian et al., 
2007) as well as in patients with ARDS were detected (Metnitz et al., 1999). Also the 
activities of EC-SOD were found to be elevated in septic neonates compared to CON 
(Batra et al., 2000; Kapoor et al., 2006). Mühl et al. (2011) did not find any difference 
in EC-SOD activity between adult septic patients and CON.  
No significant difference in the activities of CuZnSOD in CP patients and controls, 
found in our study, were consistent with the study of Quillot et.al. (2005). On the other 
hand, decreased CuZnSOD activity in CP patients was found in the study of Girish et al. 
(2011). Inconsistent results concerning serum SOD activities in hereditary and alcohol-
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related pancreatitis have been published. Some reports have described increased 
(Mathew et al., 1996) or decreased (Szuster-Ciesielska et al., 2001a) SOD activity and 
in some studies no difference in SOD activities were found (Quillot et al., 2005, Quilliot 
et al., 2001). 
In the study with AP patients we didn’t find any difference between CuZnSOD activity 
in AP and CON. Furthermore the levels of CuZnSOD were stable in the course of AP. 
The published results about CuZnSOD activity in AP are inconsistent. Some studies 
observed increased (Chmiel et al., 2002)  and some decreased (Abu-Hilal et al., 2006; 
Park et al., 2003) CuZnSOD activity in patients with mild and/or severe AP. For EC-
SOD, increased levels in AP were described (Góth et al., 1982; Góth, 1989; Szuster-
Czielska et al., 2001a; Thareja et al., 2009). 
5.3. Paraoxonase 
The arylesterase activity of PON1 was measured in all observed pathophysiological 
states and was found to be decreased in all these situations (with the exception of DD) 
in comparison with CON. In patients with PC, CP and AP also the lactonase activity of 
PON1 was determined. In PC, CP and AP patients also PON1-L activity was found to 
be depressed compared with CON. As for paraoxonase activity of PON1, it was 
established only in the pilot study with septic patients. In septic patients lower activity 
of PON1-P then in CON was found. The PON1-P activity was not determined more 
because paraoxon which is used as substrate belongs to carcinogens.  
The finding of decreased PON1-A in our subjects with MetS is in accordance with other 
studies (Hashemi et al., 2011; Kappelle et al., 2011; Martinelli et al., 2012). In patients 
with MetS were also found decreased PON1-P activities (Sentí et al., 2003;  Garin et al., 
2005; Rizos et al., 2005; Park et al., 2010; Hashemi et al., 2011; Akçay et al., 2011; 
Martinelli et al., 2012). However in studies of Tabur et al. (2010) and Lagos et al. 
(2009) equivalent levels of PON1-P and PON1-A in MetS patients and in CON were 
found. Also in study of Yilmaz et al. (2010) no difference in PON1-P activities between 
MetS and CON were observed, however MetS patients with coronary artery disease 
(CAD) had significantly lower activity of PON1-P then MetS patients without CAD (p 
< 0.008). No difference in PON1-L activities between MetS and CON were observed 
(Martinelli et al., 2012).  
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No difference in PON1-A activities between DD and CON were found in our study in 
accordance with study of Sarandol et al. (2006). The published results are not consistent 
then also decreased levels of PON1-A activities in DD subjects were already described 
(Barim et al., 2009; Kotan et al., 2011). In all studies dealing with PON1-P activity 
equal levels of PON1-P were observed in DD subjects and CON (Sarandol et al., 2006; 
Barim et al., 2009; Kotan et al., 2011).  
In both our studies, deeling with critically ill SP, we found lower PON1-A activity in in 
comparison with CON in accordance with the study of Draganov et al. (2010). Also 
PON1-P activities were found to be decreased in SP compared to CON in our pilot 
study.  Similarly Kedage et al. (2010) observed decreased activity of serum PON1-P in 
septic patients.  
We found decreased PON1-A and PON1-L activities in PC patients compared to CON. 
At the present time, the decreased PON1 activity in PC patients was described only in 
one study (Akçay et al., 2003a). However decreased PON1-A and/or PON1-P activities 
were observed in other malignancies such as in breast cancer (Samra et al., 2011), 
prostate cancer (Samra et al., 2011), lung cancer (Elkiran et al., 2007; Samra et al., 
2011), laryngeal cancer (Karaman et al., 2010), endometrial cancer (Arioz et al., 2009), 
gastroesophageal cancer (Krzystek-Korpacka et al., 2008), gastric cancer (Akçay et al., 
2003b) ovarian cancer (Camuzcuoglu et al., 2009), cervix carcinoma (Samra et al., 
2011), lymphoma (Samra et al., 2011), high grade gliomas (Kafadar et al., 2006) or 
meningiomas (Kafadar et al., 2006). There is no study dealing with PON1-L activities 
in patients with any type of cancer.  
The activity of PON1-A was established in experimental AP on animal model (36 male 
Wistar rats). The pancreatitis was induced by retrograde infusion into the biliopancreatic 
duct of 5% sodium taurocholate (severe AP) or of 1% sodium taurocholate (mild AP). 
Control animals received an intraductal infusion of saline solution (0.9% NaCl). In this 
study they found no changes in PON1-A activity 3 hours after AP induction, by contrast 
after 18 hours after AP induction they observed significant decrease in PON1-A activity 
in severe AP compared to controls (Franco-Pons et al., 2008). 
In all studies, where two different activities of PON1 were established, both PON1 
activities correlated with each other. PON1-A activities correlated positively with 
PON1-P activities in septic patients and with PON1-L activities in patients with PC, CP 
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and AP in our studies. Positive correlations between PON1-P and PON1-A were 
previously described in patients with MetS (Tabur et al., 2010; Hashemi et al., 2011) or 
with ovarian cancer (Camuzcuoglu et al., 2009). 
Because PON1 is carried in plasma/serum bound to HDL through Apo-A1, the 
concentrations of HDL and Apo-A1 in serum and correlations between PON1 activities 
and concentrations of HDL and Apo-A1 were also established. In accordance with the 
results of PON1-A activity in patients with MetS, sep is or septic shock, PC and AP 
decreased concentrations of both HDL and Apo-A1 were found. Positive correlation 
between PON1-A activity and HDL concentration was found in patients with DD, MetS 
and sepsis or septic shock. Positive correlation between PON1-A activity and Apo-A1 
concentration was observed in patients with DD, MetS, sepsis or septic shock, CP and 
AP. It could be hypothesize, that changes in composition of HDL influence the activity 
and function of PON1.   
Previously was shown that during the acute phase response, HDL structure is modified. 
It loses esterified cholesterol, apo-A1, and most of the HDL-associated enzymes 
including PON1 and that afterwards PON1 is replaced by SAA. These changes lead to 
the loss of HDL antioxidative properties (Van Leeuwn, 2003). The relationship 
between SAA concentrations and PON1 activities was also demonstrated in patients 
with MetS (Kappelle et al., 2011).  
The levels of SAA were investigated in our studies with CP, PC and SP. Patients with 
PC and SP had higher concentrations of SAA than CON, while the SAA levels in CP 
were equal to those of CON. In these studied groups no correlations between PON1 
activities and levels of SAA were observed. The finding of increased SAA levels in PC 
patients in our study is consistent with results of other studies (Yokoi et al., 2005; Firpo 
et al., 2009). SAA was associated with tumour progression and its metastasizing (Malle 
et al., 2009). Some authors considered SAA as a tumour arker for PC, however, SAA 
did not reach appropriate specificity and sensitivity for PC diagnostics (Yokoi et al., 
2005; Firpo et al., 2009). Elevated levels of SAA in sepsis were also demonstrated 
previously (Eras et al, 2011; Cetinkaya et al., 2009; Arnon et al., 2007). 
Severeal mechanisms are supposed to decrease PON1 activity. It was shown, that 
increased oxidative stress connected with elevated levels of oxidized LDL cause 
inactivation of PON1. Oxidized LDL appears to inactiva e PON1 through interactions 
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between the enzyme’s free sulfhydryl group and oxidize  lipids, which are formed 
during LDL oxidation (Aviram et al., 1999). Hydroperoxides of LA inhibit the PON1 
activity through the reaction with sulfhydryl group of its cystein 284 (Tavori et al., 
2011). Other reason for the decrease in PON1 activity could be the glycation of the 
enzyme, which takes place as was shown in diabetes mellitus (Hedrick et al., 2000). The 
acute phase response could also lead to the decreasd activities of PON1 which are 
caused by the down-regulation of liver PON1 mRNA (Deakin & James, 2004). In the 
model of experimental acute pancreatitis was shown that the decrease of PON1 
activities is connected with its inhibition by oxidized lipids and higher proteolytic 





This doctoral thesis was focused on the behaviour of the antioxidant enzymes – 
catalase, superoxide dismutase and paraoxonase in different pathophysiological states. 
Activities of these enzymes were investigated in patients with metabolic syndrome, 
depressive disorder, sepsis, pancreatic cancer, chroni , and acute pancreatitis.  
In patients with metabolic syndrome activities of all three enzymes were altered in 
comparison with healthy controls. The erythrocyte activities of CuZnSOD were 
elevated and activities of CAT in erythrocytes and PON1-A in serum were decreased in 
the MetS patients. 
In women with depressive disorders only erythrocyte activities of CuZnSOD were 
increased compared to controls. Activities of CAT and PON1-A were not altered in DD 
women. 
Patients with sepsis had elevated levels of CuZnSOD activities and decreased activities 
of CAT and PON1-A and PON1-P compared to controls.  
Patients with pancreatic carcinoma had elevated erythrocyte activities of CuZnSOD and 
decreased activities of CAT, PON1-A and PON1-L in comparison with controls. In 
patients with acute and chronic pancreatitis only activities of PON1 were depressed 
compared to controls. In activities of CAT and CuZnSOD no difference between AP or 
CP and CON were observed. 
It was also shown that the different types of paraoxonase activities correlate with each 
other.  
Our studies show that in pathophysiological states th  activity of CuZnSOD is elevated 
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 Abstract 
 Objective:  In the pathogenesis of the metabolic syndrome (MetS), an increase of oxidative 
stress could play an important role which is closely linked with insulin resistance, endothelial 
dysfunction, and chronic inflammation. The aim of our study was to assess several parameters 
of the antioxidant status in MetS.  Methods:  40 subjects with MetS and 40 age- and sex-
matched volunteers without MetS were examined for activities of superoxide dismutase 
(CuZnSOD), catalase (CAT), glutathione peroxidase 1 (GPX1), glutathione reductase (GR), para-
oxonase1 (PON1), concentrations of reduced glutathione (GSH), and conjugated dienes in 
low-density lipoprotein (CD-LDL).  Results:  Subjects with MetS had higher activities of CuZn-
SOD (p < 0.05) and GR (p < 0.001), higher concentrations of CD-LDL (p < 0.001), lower ac-
tivities of CAT (p < 0.05) and PON1 (p < 0.05), and lower concentrations of GSH (p < 0.05), as 
compared with controls. Activity of GPX1 was not significantly changed. Conclusions:  Our 
results implicated an increased oxidative stress in MetS and a decreased antioxidative defense 
that correlated with some laboratory (triglycerides, high-density lipoprotein cholesterol (HDL-
C)) and clinical (waist circumference, blood pressure) components of MetS. 
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Antioxidant Status and Oxidative Stress Mar~~rs in 
Pancreatic Cancer and Chronic Pancreat1t1s 
Jana Kodydkova, MSc, Lucie Vavrova, MSc, Barbora Stankova, MSc, Jaroslav Macasek, MD, 
Tomas Krechler, MD, PhD, and Ales Zak, MD, PhD 
Objectlves: Oxidativc strcss has becn implicatcd in the pathogene~is 
ofchronic pancrcatitis (CP) and pancreatic canccr (PC). The study atm 
was to assess thc oxidative stress markers and antioxidant defense 
system in patients with CP and those with PC. 
Methods: Activities ofsupcroxide dismutasc l {SOD I), cata\ase (CAT), 
glutathione pcroxidase 1 (GPXI), glutathione reductase (GR), arylesterase 
(PONI-A) and lactonase (PONl-L) activities of paraoxonase 1 (PONI) 
and concentrations of reduced glutathione, conjugated dienes in low-
density lipoprotein (CDILDL) and oxidized LDL (ox-LDLILDL) were 
assesscd in 50 PC and 50 CP patients and 50 age and sex-matched controls. 
Results: Comparison of PC and CP groups to controls fotmd the 
following changes: glutathione peroxidase 1 (GPXJ) (-20.2%, -25.5%; 
P < 0.001), glutathione reductase (GR) (-9.5%, -1 1.9%; P < 0.05), 
SOD! (-+-22.9%; P<O.Ol), CAT(-10.6%;P <0.05), PONl-A(-34.3%, 
-16.0%; P < 0.001), PONl-L (-44.2%; -17.0%; P < 0.01), conju-
gated dicnes in LDL (CDILDL) (+20%, + 33.3%; P < 0.05) and ox-LDLI 
LDL (+42.2%, +14.4%; P < 0.05). The patients witl1 PC bad changed 
activities and lcvels of SOD! (+24 .2%), CAT (-10.4); P < 0.01), 
PONI-A (-21.7%), PONI-L (-32.9%), and ox-LDLILDL (+24.3%); 
(all P < 0.0 I) compared with the patients with CP. 
Conclusions: Reduced antioxidant dcfcnse system capacity and in-
creased markcrs of oxidative stress were found in PC and CP. PONI-L and 
CAT activities, a\ong with ox-LDULDL leve\s, were thc independent 
factors differentiating the patients with PC from the patients with CP. 
Key Words: oxidative stress, oxidative stress markers, antioxidant 
enzymes, chronic pancreatitis, pancreatic cancer, discriminant analysis 
Abbreviations: CAT - catalase, CD - conjugated dienes, CP - chronic 
pancreatitis, CT- computed tomography, EUS - endoscopic 
ultrasonography, GPXl - glutathione peroxidase I, GR- glutathione 
reductase, GSH- reduced glutathione, HDL - high-density lipoprotein, 
HOMA-IR - homeostasis model assessment of insulin resistance, 
LDL - !ow-density lipoprotein, MDA - multivariate discrimirumt analysis, 
MRCP - magnetic resonance cholangiopancreatogmphy, NRI - Nutritional 
Risk Index, NT - nitrotyrosine, ox-LDL - oxidized LDL, PC - pru1creatic 
carcinoma, PONI - paraoxonase I, PONI-A- PONI arylesterase, 
PON 1-L- PON l !actonase, RONS - reactive oxygen and nitrogen 
species, ROS - reactive oxygen species, SAA - serum amyloid A, 
SOD 1 - Cu-Zn superoxide dismutase 
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O verproduction of reactive oxygen and .uitr~gen s~ecies (RONS) and oxidative stress have been nnphcate? m the 
pathogenesis ofpancreatitis, both in its acute and chrome form, 
as well as in the pathogenesis of pancreatic cancer cP9· 1 
Chronic pancreatitis (CP) shares risks with PC such as smoking 
and alcohol abuse as well as being a risk factor per se for PC.
1-
3 
Among them, cigarette smoking, alcohol abuse, diabetes m~lli~s, 
and other insulin resistance (IR) states are connected w1th m-
creased RONS fonnation and oxidative stress. 1 Chronic pan-
creatitis is a progressive inflammatory disease with irreversible 
damage to the paucreas and the destruction of exocrine and 
endocrine tissue.4 The underlying causes of CP seem to be 
multifaceted, including environmental as well as genetic fac-
tors but its pathogenesis to date has not been completely un-
der;tood. Although most cases of CP have been attributed to 
alcohol abuse and/or genetic predisposition, other etiologie 
risk factors such as enhanced oxidative stress could play ru1 
important role.5•6 
Reactive oxygen and nitrogen species are generated dur-
ing endogenous oxidative stress that is linked to the pancreatic 
renin-angiotensin system 7 or exogenous oxidative stress caused 
by environrnental or lifestyle-relé:ted xenobiotics, which is 
connected with the detoxification system.3 lt has been proposed 
that local oxidative stress and reactive oxygen species (ROS) gen-
eration, caused by overexpression of membrane nonmitochondrial 
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, 
is connected with pancreatic (patho)biology such as cell growth 
regulation and apoptosis, acinar cell in:flammation, fibrosis, ru1d 
disturbed islet rnicrocirculation. 7•8 The inflarnmatory process is 
associated with increased production ofRONS resulting in local or 
systemic oxidative stres s. 9• 10 A munber of experimental and clinical 
studies have demonstrated impaired antioxidant status that may be 
a contributing factor for increasing oxidative stress in CP. The 
involvement of oxidative stress in CP has been described botl1 in 
experimental and clinical studies.1·3 
Oxidative stress could not on ly be the cause of CP ( and PC) 
but also a consequence of the underlying disease (CP or PC, re-
spectively). Moreover, increased RONS production and oxidative 
stress seem to be independent from the etiology of CP.1 •1 1 
In patients with CP, decreased levels of antioxidant thiols 
(cysteine, glutathione, ru1d cysteinylglycine), decreased total 
antioxidant capacity, along with increased carbonylated pro-
teins, thiobarbituric acid-reactive substances, malondialdehyde 
and 4-hydroxynonenal levels were found. 10•12- 14 Similarly, in 
patients with CP (both alcoholic and tropical), decreased con-
centrations of glutathione, vitamin C, and zinc in erythrocytes 
were connected with elevated thiobarbituric acid-reactive 
substances. 15 
Levels of conjugated dienes (CD) are the most sensitive 
indicator of lipid peroxidation and can be regarded as a global 
marker of systemic oxidative stress 16 and also are a marker of 
minimally oxidatively modified low-density lipoprotein (LDL). 
On the contrary, oxidized LDL (ox-LDL) reflects concentration 
of malondialdehyde and 4-hydroxynonenal, the highly reactive 
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end products oflipid peroxidation that are bound, as adducts, to 
e-amino group of lysine in molecule of apolipoprotein 8.17 
Increased susceptibility of LDL to oxidation (LDL oxidability) 
was observed in CP. 18 Concentration of ox-LDL has not yet 
been studied in human PC. 
. Among enzymes that regulate RONS, glutathione perox-
rdase (GPX) and catalase (CAT) play an important role by the 
reduction of hydro gen peroxide, which is generated by super-
oxide dismutase (SOD) in the dismutation of superoxide. The 
main ROS scavenger in the pancreas is supposed to be reduced 
glutathione (GSH), which is recycled back to its reduced form 
by glutathione reductase (GR). 1•19 The enzyme paraoxonase 1 
(PONl) as high-density lipoprotein (HDL)-associated enzyme 
is irnplicated in the anti-inflarnmatory and antioxidant activi-
ties of HDL and impedes oxidative modification of LDL, 
protects cell membranes from the damage caused by products of 
lipoperoxidation, and eliminates carcinogenic lipid-soluble 
radica!s?0- 22 
The activities of some antioxidant enzymes in CP were 
already studied: SOD activity in the studies by Girish et a!, 15 
Quillot et a!, 18 and Szuster-Ciesielska et a!23 and GPXl activity 
in the studies by Quillot et al 18 and Szuster-Ciesielska et a!. 18 •23 
These studies show lowered antioxidant capacity in CP. 
The aim of the study was to ascertain the irnportance of 
lipoperoxidation markers (CD and ox-LDL) in relation to the 
group of main antioxidant enzymes, such as SOD, CAT, GPXl, 
GR, and PONl in patients with CP and PC. Because there are 
intercorrelations between oxidative stress rnarkers and antiox-
idant enzymes activities, both in CP and PC groups, we used 
the multivariate discriminant analysis to differentiate PC from 
CP as well as to evaluate the discrirninative power of different 
oxidative stress markers and antioxidant enzymes. 
MATERIALS AND METHODS 
This prospective study was carried out at the Fourth De-
partment of Interna! Medicine of General University Hospital 
frorn January 2009 to September 2011. The study protocol was 
approved by the institutional review board and the Ethics 
Committee ofthe General University Hospital in Prague. Written 
informed consent was obtained from all participants. 
Patients 
The study population consisted of 3 groups: 50 patients 
with PC, 50 patients with CP, ar1d 50 healthy controls. All 
groups are age and sex rnatched. 
Diagnosis ofPC was confirmed in all ofthe patients (based 
on histological exarnination of pa.ncreatic resection or endo-
scopic ultrasonography-guided aspiration cytology). The tumor 
staging was evaluated by the combination of criteria issued by 
the Union Intemationale Contre le Cancer and the American 
Joint Corrunittee on Cancer (UICC/AJCC 2002).24 The clinical 
diagnosis of CP was based on clinical features (abdominal pain, 
nausea and/or vomiting, anorexia and/or malnutrition, and ste-
atorrhea) confinned by 2 or more imaging rnethods (abdominal 
ultrasonography [USG], contrast-enhanced computed tornogra-
phy [CT]), endoscopic retrograde cholangiopancreatography, 
magnetic resonance cholangiopancreatography (MRCP), and 
endoscopic ultrasonography (BUS). Only patients with defmite 
CP were included. The grade ofCP (mile!, modcrate, or severe) was 
assessed according to the M-ANNHEIM pancreatic imaging 
criteria25 (M-ANNHEIM stands for M, multiple risk factor classi-
fication; A, alcohol consurnption; N, rucotine consurnption; N, 
nutritional factors; H, hereditary factors; E, efferent pancreatic duet 
factors ; I, Immunological factors; M, rrúscella.neous and rnetabolic 
factors) . All the patients were assessed by the combination ofEUS 
© 2013 Lippincott Williams & Wil/dns 
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and other irnagi.ng methods (CT, or USG, or MRCP) because EUS 
does not di:fferentiate between the moderate and severe grades, and 
ether methods (CT, or USG, or .MR.CP) cannot differentiate be-
tween mild and moderate changes.25 
Exclusion criteria for all the 3 groups were the following: 
cm-rent antioxidant therapy (eg, vitamin C, vitaminE, allopu-
rinol, N-acetylcysteine, supplementation with n-3 polyunsatu-
rated fatty acids), kidney disease (creatinine >150 f.llllOl!L), 
clinically manifest proteinuria (urinary protein >500 mg/L), 
and liver cirrhosis, decompensate diabetes mcllitus, concmrutant 
malignancies, chroruc, immunosuppressive, and anti-inflammatory 
therapy, as well as chemotherapy. Further criteria for exclu-
sion were the following: endocrine disease, acute pancreatitis, 
or acute relapse of CP; unstable angina pectoris, stage within 
1 year after acute myocardial infarction; coronary aortic bypass 
grafting, or percutaneous coronary intervention, and stroke. 
Persons who were operated on in the upper gastrointestinal tract 
(in the previous year) and subjects after systemic inflammation 
in the previous 6 months were also excluded. Patients with CP 
enrolled into the study were reexamined after 2 years to exclude 
the development of PC and thus to avoid enrollment of paticnts 
with initial stages of PC into the study. 
Among our 50 patients with PC, there were 22 patients 
with diabetes. In this group were the following stage distri-
butions: 9 patients with stage II (2 patients with stage llA and 
7 patients with stage liB) disease, 24 patients with stage III 
disease, and 17 patients with stage IV disease. Alcoholic CP 
was diagnosed in38 patients, obstructive CP in 5 subjects, and 
idiopathíc CP in 7 patients. Among the 50 patients with CP, 
there were 30 patients with severe grade, 17 patients with 
moderate, and 3 patients with mild grade changes in pancreatic 
rnorphology. Severe exocrine dysfunction (concentration of 
pancreatic stoo! elastase 1 <200 ng/g) was found in 29 patients 
with CP. Complications (ascites, bleeding, obstrúction/or stricturc 
ductus choledochus, pancreatic fistula, duodenal stenosis, 
splenic and/or portal vein thrombosis, and segrnental portal 
hypertension) were found in 28 patients with CP. 
Data Collection 
Samples from aU participants were obtained after ovemight 
fast (at least 10 hours). AU study participants' medical history 
and intake of any rnedications were documented at study entry. 
Blood was taken by puncturing a peripheral vein. Concentra-
tions ofC-reactive protein (CRP), conjugated dienes (CD/LDL) 
in precipitated LDL, semm amyloid A (SAA), 3-růtrotyrosine 
(NT), tumor markers (CA 19-9, CA 72-4, and CEA), albumin, 
bilimbin, uric acid, calcium, copper, zinc, iron, selenium, vita-
mins A and E, and lipid parameters, as well as activity ofroutine 
biochernical tests (pancreatic amylase, alanine transaminase, 
aspartate aminotransferase, 'Y-glutamyltransferase, cholinester-
ase alkaline phosphatase [data not shown}), PONl arylesterase 
(PONl-A), PONl lactonase (PONl-L), and oxidized-LDL 
(ox-LDL) were rneasured in serum. Serum was prepared after 
coagulation in vacutainer tubes by centrifugation at 3500 rpm 
at 4 oc for 1 O minutes. Activities of antioxidant enzym es CAT, 
GPXl, GR, and Cu-Zn superoxide dismutase (SOD!), as well 
as the concentration of GSH were measured in hemolyzed 
erythrocytes. The samples were stored at -80°C until assay. 
All sarnples were marked with unique identification nurnbers 
made anonymous, and the data were merged only aftcr the 
assays had been completed. 
Laboratory Measurements 
Activities of antioxidant enzymes were determined by 
spectrophotometric kinetic methods, and the concentration of 
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GSH werc asscssc.d sp~:ctrophotornetrically as previously de-
scribcd by Kodydková ct a!Y' Thc lactonasc activity of PON 1 
was measurcd according to the modified method describcd 
carlicr~ 7 using dihydrocoumarin (tinal concentration, 1 nunol/9 
as a substratc. The increasc in absorbance at 270 um was mom-
tored for 2 minutes. Thc enzyme activity was calculated from the 
molnr cxtinct coefficicnt of thc rcaction product [3-(2-hydroxy- · 
3 -1 -1)) . d phcnyl)-propionate (E = 1295 dm mol cm cst1mate 
during the linear phasc ofreaction.2x Thc conccntration ofCD 
in precipitated LDL was determincd by thc Wicland modified 
spectrophotometric mcthod at 234 nm.2'1·30 
Thc Jcvcls of SAA, 3-NT, and ox-LDL were established 
using sandwich enzyme-linkcd immunosorbent assay kits 
(lnvitrogen, Camarillo, Calif; Biovcndor, Bmo, Czech Republic, 
Czech Republic; and Mercodia. Upsala, Swedcn; respectively). 
All routine clinical tests were measured at thc Institute 
for Clinical Biochemistry and Laboratory Diagnostics of General 
University Hospital in Prague. Concentration of CRP was mea-
sured by the immunoturbidimetric meů10d using a K-ASSAY 
CRP kit (Kamiya Biomedícal Company, Seattle, Wash) on a 
Hitachi Modular analyzer (Tokyo, Japan). Tumor markers 
(CEA, CA 19-9, and CA 72-4) were measured by chemilu-
minescence assay on ADVIA Centaur analyzer, Siemens 
(Tarryt0\111, NY). Selenium, coppcr, and zinc wcre mcasured 
using atomic absorption spectrometry. Concentrations of to tal 
cholesterol and triglycerides wcre measured by enzymatic-
colorimetric methods. High-density lipoprotein cholesterol 
was detcrmined in the supematant after precipitation of lipo-
proteins B byphosphotungstic acid!Mť+ (Boeluinger Mrumheirn, 
Germany); LOL cholesterol was calculated according to the 
Friedewald formula. Apolipoprotein B and apolipoprotein Al 
were mcasurcd by thc Laurell rocket electroimmunoassay using 
standards and specific antibodics (Behringwerke Marburg, 
Germany). The homeostasis model assessmcnt of insulin resis-
tance (HO MA-IR) index was calculated as HO MA-IR= [fasting 
serum glucose (mmoi!L) x fasting serum insulin (f.LU/mL)] I 
22.5.ll Malnutrition was categorized into the mild, moderate, and 
severe forms according to the Nutritional Risk Index (NRI). 32 The 
NRI was calculated according to the following formula: NRI = 
( 1.519 x albumin + 41.7 x current body weight!usual body 
weight), and thc classification was as follows: norma! nutrition, 
NRI > 100; mild malnutrition, NRl = 97.5-100; moderate mal-
nutrition, NRI = 83.0-97.4; severe rnalnutrition, NRI < 83 .0. 
Statlstical Analysis 
Data are expressed as mean ± SD for parametric and as 
median and interquartile rangc (25th-75th percentiles) for 
nonparametric data. Normality of data distribution was tested 
with the Shapiro-Wilks W test. Differences between the com-
pared groups (PC, CP, and controls) were tested with the one-
way analysis ofvariance with Scheffé and Newman-Keuls post-
tests. For nonparametric analysis, the Kruskai-Wallis analysis 
of variance was used. For correlation analysis, the Spcarmen 
coefficient was used. All prcviously described statistical anal-
yses were performed using StatSoft Statistica version 9.0 
software (2007, Czech Republic). P < 0.05 was considered 
statistically significant. 
The multivariate discrimínant analysis (MDA) was carried 
out ~y using Statistical Analysis System (SAS, Cary, NC), JMP 
vemon 9 software. The process of MDA is carried out in a 
stepwise manner using thc minimum Wilks }.. (within-groups 
sum of squares-total sum of squares ratio) as a measure of 
gro.up discrimination. At each step in the process , the variable, 
wh1ch contains the most discriminating power, is identified and 
its coefficient i s determined. The relative importance of each 
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variable is indicating by so-called approximate F statistic. This 
i s a transformation of Wilks A., which can be compared with 
F distribution. The process is stopped when the remaining 
variables are determined to lack significant discriminating 
power (P > 0.05). We used discri.minan! models. for classifica~on 
into the groups ofPC and CP. Only vanables w1th an appropnate 
final F statistic (P < 0.05) were included in our discriminant 
functions. The oxidative stress and inflarnmatory markers (CD/ 
LDL, ox-LDLILDL, and SAA), the antioxidant enzymes (SODl, 
CAT, GPXl , GR, PONl-A, PONl-L), and their combinations 
as variables were subjected into the discriminant functions. 
RESULTS 
This study was focused on the antioxidant status in patients 
with PC and CP. Fifty patients with PC and 50 patients with CP 
were enrolled in the study. The basic clinical and biochemical 
data of the studied groups are summarized in Tahle 1. 
As markers of oxidative stress, the levels of CD/LOL, 
ox-LDLILDL, and NT were determined. The levels of CD! 
LDL and ox-LDLILDL were significantly increased in both 
the patients with PC and those with CP comparcd with the 
controls (Figs. lA, B). Furthermore, the patients with PC had 
higher levels of ox-LDLILDL than the patients with CP 
(P < 0.001). There was an increase in the concentration of 
3-NT only in the patients with CP (P < 0.01) in comparison 
with the contro1s (Fig. 1 C). 
Erythrocyte activity of S ODl was increased and CAT ac-
tivity was decreased in the patients with PC compared with the 
patients with CP and the controls (Figs. 2A, B). In addition, the 
serum concentration of SOD 1 cofactor Cu was observed as el-
evated; and the serum concentration of Fe, the CAT cofactor, 
was decreased in the patients with PC in comparison with the 
controls (Tahle 2). The concentration of Zn was increased in the 
patients with CP compared with the controls. Conversely, de-
creased erythrocyte activities of GPX1 and GR were found in 
patients with PC and those with CP as compared with the 
controls (Figs. 2C, D). The decreased GPX1 activities in both 
the PC and CP groups were accompanied with lower serum 
selenium levels compared with the controls (Tahle 2). The 
concentration of GSH in erythrocytes in the patients with PC 
differed from that of the subjects with CP and controls, re-
spectively (Fig. lD). We have found that semm concentrations 
of Zn negatively correlate with activity of SOD1 in the entire 
group (r = -0.312; P < 0.001), in the patients with PC 
(r = -0.357; P < 0.05) and also in the patients with CP 
(r = -0.458; P < 0.001). There was a significant correlation 
between Se and GPXl in the entire group (r= 0.319; P< 0.01) 
and also in the patients with CP (r = 0.470; P < 0.01). 
The PON1-A and PON1-L activities in serum were de-
creased in the patients with PC and those with CP in compar-
ison with the controls (Figs. 2E, F). Furthermore, decreased 
activities ofthese enzymes in the patients with PC compared 
with the patients with CP (both P < 0.001) were observed. 
Both PON 1 activities were significantly correlated in the PC 
(r=0.711; P < O.OOl) and CP (r= 0.811; P< 0.001) groups and 
in the controls (r= 0.687; P< 0.001) as well as in all the studied 
groups (r = 0.806; P < 0.001). The levels of both PONl 
activities correlated negatively with ox-LD LILO L (r = -O. 3 09; 
P < 0.001; and r = -0.358; P < 0.001; respectively) in the 
entire group. 
Serum amyloid A concentrations were higher in the 
patients with PC than in the patients with CP and in the controls 
(both P < 0.001 ; Tahle 1). The studied groups did not differ in 
concentrations of PONI cofactor-calcium. Additional!y, we 
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TABLE 1. Basa! Clinical and Biochemical Characteristics 
PC CP CON 
No. patients (M/F) 50 (40/10) 50 (40/10) 50 (40/10) Age (range), yrs 63 (56-68) 59 (53-65) 60 (55-65) Smokers, n (%) 34 (68) 15 (30) 13 (26) DM, no. patients (M/F) 28 (24/4) 30 (2317) 
NRI, kg/m2 96.4 ± 12.3* 109.1 ± 7.3 
CRP, mg/L 10.9 (5 .8-54.8)***; +H 4.5 (2.0- 10.3)"' 2.1 (1.0-4.9) SAA, f.Lg/mL 49.0 (21.7-134,2)***; +H 14.5 (7.2-49.8) 12.7 (4.6-25 .6) CEA, f.Lg/L 2.75 (1.65- 6.45) ** "' 2.37 (1.44-3.42)"'** 0.71 (0.5-1.45) CA 19-9, kUlL 105.2 (24-2301.3)***; +++ 14.6 (8.5-26.5)* 8.7 (6.1-10.7) 
CA 72-4, kU/L 2.32 (1.3 1- 9.70)*; ++ 1.45 (0.97-2.23) 1.44 (1 .02-3 .86) 
Glucose, rnrnol/L 6.5 (5 .2- 8.9) *** 6.6 (5.8-7.6)"'** 5.1 (4.9-5.3) 
Glycated hemoglobin, mmo1/mol 5.46 ± 1.85*** 5.11 ± 1.49**"' 3.91 ± 0.34 
TC, mmoVL 4.7 (3 .7-6.6)* 4.9 (4.4-6.0) 5.4 (4.6-5.9) 
TG, mmol/L 1.67 (1.26-2.12) *** 1.48 (1.10-2.01)*** 1.06 (0.79-1.34) 
HDL-C, mmol/L 0.92 (0.73-1.05)***; +++ 1.42 (1.21-1.59) 1.5 (1.27-1.73) 
LDL-C, mmoVL 2.76 (2.12-3.24)* 2.73 (2 .34-3.17)* 3.33 (2 .72-3 .73) 
Apo Al, g/L 0.88 ± 0.32***; +H 1.61 ± 0.44 1.53 ± 0.30 
NEFA, mmol/L 0.71 ± 0.35** 0.62 ± 0.40* 0.48 ± 0.24 
Data are expressed as mean ± SD for parametric variables, and as median and interquattile range (IQR, 25th-75th percentile) for nouparametric vatiables; 
PC or CP versus CON: ***P < 0.001 , "'"P < 0.01 , and "'P < 0.05; PC versus CP: +++p < 0.001 , +p < 0.05 (one-way analysis of variance (ANOVA) with Newman-Keuls posttest), and ++p < 0.01. 
Apo-Al, apolipoprotein Al; CA, carbohydrate antigen; CEA, carcinoembryonic antigen; CON, control subjects; NEFA, nonesterified fatty acids; TC, total cholesterol; TG, triglycerides. 
have observed statistically decreased concentrations ofvitamin 
A, albumin, and uric acid and higher levels of bilirubin in the 
patients with PC compared with the patients with CP and the 
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Discriminant models for classification into the groups of 
PC and CP are shown in Table 3. The concentrations of ox-LDL 
and CD/LDL were the best discriminators (model A) when only 
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GSH 
*** 
PC CP CON 
• Median; 025%-75%; IRange 
FIGURE 1. Serum concentration of oxidative stress markers and reduced glutathlone. Data are expressed as mean ± SD for parametric variables and as median and IQR (25th-75th percentile) for nonparametric varlables. PC orCP versus CON: ***P< 0.001, **P< 0.01, and *P < 0 .05; PC versus CP: +++p < 0 .001 and +p < 0.05 (one-way ANOVA with Newman-Keuls posttest or Kruskai-Wallis ANOVA). 
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FIGURE 2. Activities ofantioxidantenzymes. Data are expressed as mean ±SOj PC orCP versus CON: ***P< 0.001, **P< 0.01, *P< 0.05; PC versus CP: +-+ p < 0.01 (one way ANOVA, Newman-Keuls posttest) and +++ •n ' rip < 0.001 P < 0.001, 
MDA. Using only antioxidant enzymes as discriminating vari-
ab1es resulted in 73% ofthe final correct classification. Variables 
subjected into the analysis were PON1-L, SOD 1, and CAT 
(model B). A combination ofboth models resulted in 83% ofthe 
final correct classification. The activity ofPONl-L, the levels of 
ox-LDLILDL, and the activity of CAT, in that order, were found 
to be the best set of independent factors discrirninating PC and 
CP, with higher values for PC (model C). 
Tahle 2 presents data of nonenzymatic antioxidants and of 
cofactors of antioxidant enzymes. 
DISCUSSION 
The present study demonstrates contemporary changes in 
the levels ofselected inflamrnatory and oxidative stress markers 
as well as a set of the antioxidant defense system (both enzy-
rnatic and nonenzymatic) in the patients with PC and those with 
CP in comparison with age- and sex-matched controls. The 
reduced capacity of the antioxidant defense system and atl in-
creased oxidative stress in patients with PC and those with CP 
was confirmed in our study. The antioxidant system seems to 
be more affected in the patients with PC compared with the 
patients with CP. 
The groups of CP and PC differed statistically signifi-
cantly in many oxidative stress and antioxidant variables using 
univariate analysis. Moreover, there were intercorrelations be-
tween oxidative stress markers and activities of antioxidant 
enzymes. Therefore, multivariate discriminant analysis was 
perforrned to deterrnine the set of independent oxidative stress 
TABLE 2. Nonenzymatic Antioxidants, Cofactors of Antioxidant Enzymes, and Other Parameters of Antioxidant Capacity 
PC CP CON 
Vitamin A, mg/L 0.51 ± 0.24*; + 0.80 ± 0.41 0.83 ± 0.35 VitaminE, mg/L 16.0 ± 7.7 12.3 ± 5.0 14.4±6.1 Fe, f.LIDOIIL 13.5 ± 8.3*** 16.4 ± 7.2 19.2 ± 7.9 Ca,rnrnol!L 2.26±0.16 2.24 ± 0.13 2.27 ± 0.13 Cu, f.LillOI!L 21.9 ± 6.3***; +++ 18.8 ± 4.5 15 .6 ± 3.1 Zn, J.LIDOl!L 19.2 ± 4.7 19.9±3.9* 17.8 ± 2.6 Znl Cu 0.86 ± 0.34***: +++ 1.13 ± 0.38 1.15 ± 0.40 Se, !J.g/L 31.3 ± 10.9*** 43.1 ± 21.5* 58.9 ± 26.0 Albumin, giL 41.4 (37.7-45.5)***: +++ 45.7 (42.5-46.9) 47.2 (44.9-48.6) Bilirubin, !J.ffiOl/L 18.7 (11.0-64.1)***; +++ 10.2 (7.2-14.2) 11.0 (8.0-15.3) Uric acid, fJ.ffiOl!L 257 ± 108**; ++ 324 ± 90 310 ± 76 
Data are exprcssed as mean ± SD for parametric variables and as rnedian and IQR (25th -75th percentile) for nonparametric variables; PC or CP versus CON: ***P < 0.001, **P< 0.01, and *P < 0.05; PC versus CP: +++p < 0.001, +-+p < 0.01, and +p < 0.05 (one-way ANOVA with Newrnan-Keuls posttest). 
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TABLE 3. Discriminant Models for Classification of CP and PC 
Model A 
ox-LDL/LDL 




PON!-L +SOD! + CAT 
Model C 
PONl-L 
PONI-L + ox-LDL!LDL 
PONl-L + ox-LDL/LDL + CAT 
F-Statistic (df) 
13.80 (l, 98) 
11.32 (2, 97) 
31.77 (1, 98) 
19.33 (2, 97) 
14.83 (3' 96) 
31.77 (I, 98) 
27.72 (2, 97) 
21.32 (3' 96) 
Oxidative Stress in Pancreatic Disease 
Flnal Correct Classification Pcrccnt 
CP 74.0 
PC 72.0 
To tal 73.0 
CP 68.0 
PC 74.0 
To tal 71.0 
CP 80.0 
PC 86.0 
To tal 83.0 
Mode~ A: Only oxidative stress and inflammatory markers included in the analysis (CD/LOL, Ox-LDULDL, and SAA). Model B: Only activities 
ofantiox1dant enzymes mcluded in the analysis (SOD!, CAT, GPXl, GR, PONl-A, and PONI-L). Model C: combination ofthe model A and the 
model B. 
df, degrees of freedom; 
F statistic (so-called an approximate F statistic), transformation of Wilks h. 
and antioxidant variables giving the most discrimination power 
to separate CP and PC. 
Multivariate discriminant analysis indicated that the nctiv-
ities of PONl-L aud CAT, along with ox-LDLILDL levels (in 
the order of PONl-L, ox-LDL/LDL, and CAT), are the inde-
pendent factors discrirninating the patients with PC and those 
withCP. 
Antioxidant enzymes play an important role in the defense 
of cells against RONS and thus may protect the pancreas against 
development of CP, which is a risk factor of PC. The first 
scavenger ofROS is SOD, which converts superoxide radical to 
H20 2, which should be later removed by GPXl and CAT. Our 
study found increased SOD! activity in erythrocytes of the 
patients with PC in comparison with the patients with CP and 
the controls. Some experimental studies have described re-
lationships between the expression of SOD, its activity, and PC 
cell growth in vitro, on the one lumci, and tumor growth and 
survival in nude mice, on the other. 8 The insignificant differ-
ences in the erythrocyte activities of SOD! in the patients with 
CP and controls found in our study were consistent with the 
study of Quillot et al. 18 On the other band, decreased SOD 1 
activity in the patients with CP was found in the study of Girish 
et al. 15 Inconsistent results conceming serum SOD activities in 
hereditary and alcohol-related pancreatitis have been published. 
Some reports bave described increased23·33 serum SOD activity, 
and in some studies, no differences in serum SOD activities 
were found. 18·34 It could be supposed that discordance in ele-
vated activity of SODl without an appropriate change in the 
GPXl and/ar CAT activities in the patients with PC resulted in 
the increased production of H20 2, which caxmot be detoxified 
by the action of GPXl and CAT. Accumulation of H202 can 
thus participate in a Haber-Weiss reaction and generate hy-
droxyl radicals. 35·36 Catalase and glutathione peroxidase are 
both able to deto:xifY H20 2 . Under physiologic conditions, H202 
is mainly removed by GPXl. The activity of CAT is involved 
in the degradation of H20 2 in severe oxidative stres s cotmected 
with higher H20 2 concentrations.
37 It was previously sbown 
that long-term exposure ofCAT to H20 2 leads to the oxidation 
ofthe catalase-bound NADPH to NADP+ and to a decrease in 
© 2013 Lippincott Williams & Wilkins 
the activity of CAT to approximately 30% of the initial activ-
ity.38 Because our patients with PC had the highest Ieve! of 
oxidative stress markers associated with decreased erythrocyte 
CAT activity, our results implicated that under stressed conditions, 
erythrocyte CAT is unable to detoxify H20 2• In contrast, no 
changes in serum CAT activity in the patients with PC were 
found.39 The insignificant differences in CAT activities in 
erythrocytes of the patients with CP observed in our study 
were consistent with the results of Fukui et al, 39 deali.ng with 
serum CAT activities in patients with CP. In the contrast, other 
authors described increased serum CAT23•40 or decreased se-
rum and erythrocyte CAT18 activities in patients with CP. 
Glutathione peroxidases use GSH to metabolize H20 2 and 
lipid hydroperoxi.des to water/related alcohols.1 We have found 
decreased activity of erythrocyte GPXl in the patients with PC 
and those with CP compared wíth the controls. The decreased 
erythrocyte GPXl in CP was a! s o found in the study of Girish 15 
but also no differences in erythrocyte GPXl activity in patients 
with CP and the controls were observed.18·33 Published results 
in serum and plasma GPX activities are inconsistent. 18·23•33·3
4
.4° 
Decreased GPXl activity may be explained by tbe lowered se-
rum levels of selenium in both groups and/or decreased con-
centrations of reduced glutathione in erythrocytes found in the 
patients with PC. Selenium is bo1md as the selenocysteine at the 
active site of GPXl, and it is cssential for its activity. Moreover, 
selenium deficiency leads to decreased GPXl activities.35 
Glutathione reductase is a NADPH-dependent enzyme 
that catalyzes the regeneration of GSH from oxidized gluta-
thione (GSSG) and thus maintains a constant supply of GSH 
for GPX.41 In the present study, a decrease in GR erythrocyte 
activity was observed in the patients with PC and those with CP 
and decreased erythrocyte levels of GSH in PC but not in the 
patients with CP in comparison with the controls. It is supposed 
that depletion in GSH concentration may be caused by accu-
mulation of GSSG as a result of impaired GR (pentose-phos-
phate pathway may limit NADPH supply). Formed GSSG 
could react with the sulfhydryl group, via mixed disulphide 
reactions, or could be secreted out ofthe cell. It is supposed that 
the abovementioned processes may lead to GSH depletionY In 
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cnntrast to nu r study, dccreascd lcvcls of reduccd glutathione 
wcre oh~crvcd in the paticnts with CP..\\ 
Wc f(nmd a decreasc in scnnn activities of arylesterase as 
well as lactonasc uctivity of PON I in thc paticnts with PC and 
thosc with CP. Thc lowest PON I activities were obscrvcd in thc 
paticnts with PC. At prcscnt, thc dccrcased PON I activity in 
paticnts with PC has bccn dcscribed only in one study,44 and 
thcre i s no study dealing with PON I activities in CP. A m1mber 
of studics have shown dccrcased serum arylestcrnse and/or 
pamoxonase activities of PON l in diffcrent malignancies.45 
Under conditions oť systemic inflammation and/or oxi-
dativc strcss, several mcchanisms are implicated in a drop of 
PON J activities. Arnong tl1em, displacemcnt of PON I froru its 
linkagc to apolipoprotein Al in HDL by SAA,46 dowu-regulation 
of Jivcr PONL lipopolysaccharidcs and cytokines (tumor ne-
crosis factor n and intcrleukín-1} vía IL-6,20 and inhibition of 
PON I activity by oxidized phospholipids47 nre the most im-
portaut. Al! the abovcmentioned mechanisms can be related to 
cancer-related decrease in PON I activities. Using MDA, the 
PONJ-L activity had the most discriminating power to differ-
cntiate PC from PC. 
The finding of incrcascd SAA levels in the paticnts with 
PC in our study is consistent with the results of other stud-
ies.4~·4<J Serum amyloid A ís implicated in carcinogenesís, and it 
was associated with tumor progression and its metastasizing.50 
Somc authors considered SAA as a tumor marker for PC. 
However, SAA did not rcach appropriate specificity and sensi-
tívity as U1mor marker for PC diagnostics. 48.4~ 
Human scrum PONI should contribute to the detoxifica-
tion of organophosphorus compounds and carcinogenic lipid-
soluble radicals from lipid peroxidation and, moreover, should 
impede oxidative rnodification ofLDLs.22 In this study, we fotmd 
a negative corrclation between PON 1 activities and ox-LDLILDL 
levels. The reduced PON I activities in the patients with .PC and 
those with CP could lead to the increase in ox-LDLILDL levels. 
Oxidatively modified LDL represcnts heavily oxidized LDL 
characterized by oxidative altered both the lipid and the apoli-
poprotein B, moiety of particlc. Low-density lipoprotein is 
supposed to be oxidize not only within U1e artery wall (by endo-
thelia) cells, smooth muscle cells, and rnonocyte/macrophages) 
but also at peripheral tissues altered by inflammation (by neu-
trophils and tibroblasts).51 
In aur study, increascd concentmtions of CD/LDL in the 
patients with PC and those with CP compared with the controls 
were found. Coucentrations of CDILDL are partly considercd 
as_ ~ marker o~ _systemic oxidative stress and partly reflect 
mmun~lly modif~e_d L~~2 in which on ly the lipid cornponent is oxJdatively modificct.~ · Currently, semm concentration of 
CD in CP patients was described only in thc study of Santini 
e~ aJ,5.l where the levels ofCD and lipid hydroperoxides did not 
d1ffer between patients with CP and controls. However the 
patients with CP, in comparison with the controls, had in-
~r~ased lcvcls of_ CD_ and J~pid hydroperoxides in pancrcatic 
JUlCe after secretm stunulatlon. These results indicated local 
~nhanced oxidative stress in pancreas without systemic oxida-
tJ~e stress response. An increase of lipid peroxidation connected 
wtth_ P_C and C~ w~re observed in many studies using products 
of hptd peroxtdat!On (such as thiobarbiturate-reactive S\Jb-
sta_nces, 1mal
oudialdehyde, 4-hydroxynonenal, lipid hydroper-
oxJdes}. ·3 The importance of ox-LDLILDL and CD/LDL was 
pomted out in ~iscríminating PC from CP using MDA. 
. ln concl~sJOn,_ our study demonstrates the persisting oxi-
dal!v~ stress _lil pat1ents with CP and those with PC, which is 
assoc~ated Wtth thc reduced capacity ofthe antioxidant defense 
system. The oxidative stress defense system scerns to be more 
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affected in patients with PC compared with those with CP. 
Multivariate discriminant analysis indicates the importance of 
PON 1-L and CAT activities, along with ox -LDL/LDL levels, as 
the independent factors discriminating patients with PC and 
those with CP. Further studies concerning antioxidant defense 
systerus and oxidative stress are warranted, especially with re-
spect to potential diagnostic and therapeutic implications. 
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

        
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         

                 

           
              
    

                  
                  
              
        
                  
                  
            
                    
  
              
        

       
            
          
        
         
        
         
         
    
      
       
      
          
   
         
       
          
       
         
        
       
        
      
      
       
         
      
          
        
       
       

    
          
    
    
                   


     
       
          
          
          
      
       
         
           
        
      
        
      
      


        
        
         
        
        
       
     
       
  
        
       
   
      
     
    
       
         
        
       
         
         
       
   
 
      
        
       
         
           
        
        
       
     
 
   
  
         
        
        
            
             
         
              
       
      
         
       
           
           
  
 
        
          
     
         
         
          
             
     
           
       
           
          
       

        
         
          
         
             
      
          
        
  
       
            
  
 
       
          
        
            
          
            
       
         
       
        
         

           
       
       
     
 
       
          
         
        
          
           
      
          
        
           
           
     
     
       
       
         
         
        
        
        
        
      
       
        
      
         
          
       
       
     
     
       
          
        
         
        
         
         
           
         
        
      
          
         
        
         
      
        
        
           
       
      
         
         
    
 
       
        
        
        
      
       
        
  

      
          
         
        
        
        
        
        
            




   
     
     
     
       
       
     
     
     
     
      
      
     
    
     
     
     
     
    
          
        
         
       
          

      
       
       
         
       
        
          
   
        
      
       
         
      
      
          
      
       

       
          
       
   
      
         
         
       
       


        
       
       
         
           
         
     
        
      
     
      
         
        
       
  
      
        
       
        
           
         
        
                     
        
           
       
     
 
   
 
      
      
       

 
   
      
     
     
      
      
        
        
      
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          
          
       
       
    
          
          
            
          
         
      
           
         
       
        
       
        
        
       
     
            
        
        
       
      
       
         
        
       
          
          
           
        
       
       
        
    
       
       
         
        
         
         
       
         
         
       
   

        
      
       

            
       
   
          

            
         
        
 
        
        
     
           
        

          
         
        
        
   
         

            

          

           
    
          
   
          
      
             
       
      
       
 
          
     
            
        

            
      
        
      
          
        

          
          
    
          
      
           
       
    
           
      
         
        
 
          
        
  
            
     
         
 
           
       
          
       
          
   
              
         
    
             
       
      
  
            
        
        

            
        
        

            
         
 
            
       
           
        
            
           
 
           
       
       
    
            
        

          
      
          
     
      
         
 
       
         
   
        
          
       
        

           
       
         
           
     

            
          
   
           
        
            
       
        
    
            
         
    
             
         

       
       

            
          

            
          

           
        
    
            
       
           
    
           
         
   
        
      
          
       
 
          




        
        
      
    
             
 
          
       
   
       
      
        
         
    
       
        
        
        
        
        
          
          
       
      
       
        
       
        
        
       
        
      
     
   

      
       
         
          
     
       
    
      
         
      
    
     
       
     
     
 
         
      
      
      
        
 
        
      
      
 
    
     
      
 
      
      
  
      

    
 
       
        
     
       
           
         
       
         
  
        
        
       
     
  

         
         
      
        
        
      
     
         
      
       
      
     
       
          
       
       
        
          
         
       
        
        
         
        
        
       
         
       
       

       
       
      
       
           
      
       
       
      
     
         
       
         
           
           
          
       
     
       
           
          
          
          
          
     
     
        
      
     
       
      
 
 
        
        
       
       
          
       
     
       
       
       
    

        
         
        
         
          
     

      
         
     
        
        
          
         
         
         
        

      
         
       
         
       
   
          
       
         
       
          
         
        
      
          
     
      
      
      
      
        
        
         

          
       
       
       
       
      
      
       
        
        
        
        
      
         
        
      
       
       
        
    
        
        
       
      
       
       
        
      
      
         
       
      
      
     
     
      
                
        
          
                
                
                
      
                       
                   
             
                   
     
     

     
      
    
        
         
      
        
            
     
     
      
         
        
      
        
     
         
       
      
       
         
       
          
         
      
         
   
        
        
         
          

         
      

           
        
       
        

         
      
          
        
       
         
      
    
            
         
      
        
 
         
         
   
          
        
        

          
       
      
























       
          
        
           
         
         
        
   

  
   
    
    
     
       
       
         
 
    
     

           
         
     
           
        
 
        
        
       
   
         
           
      
     
       
        
          
         
       
      
 
            
         
     
         
        
      

           
         
          
     
       
  
         
         
 
           
     

           
          
     
         
         

          
        
   
           
        
     
     






















   
 
 






















































































































    

    

 














   



















   
   
   
   
   
   
   
   
   
   
   





   
   
 

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   
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
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
 
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